
00-AI69 965 NILLINETER-UAVE NETEROJUNCTION TWO-TERNINU. DEVICES(U) V/3
MICHIGAN UNIV ANN ARBOR SOLID-STATE ELECTRONICS LAB
N 5 DOGAN ET AL. NAY 96 920046-F N111i4-62-K-2S4S

7UNCLSSIFIED F/O 911 i



1%

2

.% " .- .

Jr. -* ..

,o. -,,- w .

'S7".,-.. ..-.',. .., .. ...,.--.,.'-.'.. . ,-,',,- '. '- ?,.. ..." ..- .. . .. - .. ,.-.,-.. ...,--.. ,.- .- . . - ?., ..- : . , • ... ...,.

-...7 .'. - , .. . ,', ' t -' ' ," i', 
,' ," ;-": ,¥ . . -" "' ",-..., . . .-.". "- ..."- -.-. ---"..•". -.-



Report No. 020046-F

I-M

MILLIMETER-WAVE HETEROJUNCTION TWO-TERMINAL
DEVICES

0 N.S. Dogan
(y) J.R. East

00 M. E. Elta
to G. I. Haddad DTIC
T" Solid-State Electronics Laboratory LTICT
". Department of Electrical Engineering 4,% 2

and Computer Science
The University of Michigan ,
Ann Arbor, MI 48109 .

-: May 1986

Final Report for Period 22 July 1982 - 30 June 1986

C.2 Approved for public release; distribution unlimited

L'J

Prepared for

NAVAL RESEARCH LABORATORY
Code 6815 U X JJ
Washington, DC 20375



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (".n Dais Enforeodj

REPORT DOCUMENTATION PAGE B RED COMPLTIOR

t'REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMUER

Final Report I
4. TITLE (and Subtitl*) S. TYPE or REPORT & PERIOD COVERED

7/22/82-5/31/86
MILLIMETER-WAVE HET ROJUNCTION TWO-TERMINAL Final Report
DEVICES 6. PERFORMING ORG. REPORT NUMBER

0200h6-F
7. AUTHOR(e) 8. CONTRACT OR GRANT NUMBER(&)

N. S. Dogan, J. R. East, M. E. Elta, G. I. Haddad NooOl4-82-K-2040

9. PERFORMING ORGANIZATION NAME AND AORESS 10. PROGRAM ELEMENT. PROJECT. TASK

Solid-State Electronics Laboratory AREA S wORK UNT NUMUERS

Department of Electrical Engineering & Comp. Sci.
The University Qf Michigan
Ann Arbor. MI" 4910c

I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Naval Research Laboratory May 1986
Code 6815 13. NUMBER OP PAGES

Washington. DC 20375 PWp
14. MONITORING AGENCY NAME I AODRESS(II different from Control.Vit Office) IS. SECURITY CLASS. (of this report)

Unclassified

1S0. OECLASSIICATION/OOWNGRAOING
SCHEDULE

16. OISTHIBUTION STATEMENT (01 this Report)

Approved for public release; distribution unlimited.

t7. oiSTRIoUTION STATEMENT (of the abstract ntored In Stock 20, If different from Report)

I6 SUPPLEMENTARY NOTES

19 KEY WOROS (Conllnue on reserse sde It necessarY aid identily by dock n.rboru

x- nz,. :.,,-LVa'ICb tran:'it-time (MITATT),
* te,":"ui'' nl

, -,"v t'i'~n, rar.2it time (IMFATT)

20 A9STRAC T fConrtle en revers ide It necessary and Identifty by Vock nurmber?

.. 1 "" : .- tudy is to investigate the performance
",tr.'an i n ?A? (mixed tunnel-avalanche transit-time)

:i',,r . VT "ll ineter-w'1ve frequencies. Along with the heterojunction
ITA: [ > ,ie-drift IMPATT (impact ionization avaanche

..- i I. w. r, il.c fabricated and their R.F performance

* | rI wi H • i I.

DOD R 1473 [D jA3 17 UNCLASSIFIED

SECuqiTy CL.ASSIFICATION Oft THIS PAGE (14Ien Date Entered) -.

' :"", ';,, ; , , ".. -,", J J ' . '.",". . .- ''". ' J 'J ''''''-' ''""s"". . .L""",. , , , " , -".". .



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(Wman Date Ente),

. Abstract (cont.)

For the first time, millimeter-wave oscillations at 65 to
)3 GHz frequencies were obtained from heterojunction MITATT diodes
with strong tunneling characteristics. The power outputs and
efficiencies of heterojunction MITATT diodes are comparable to the
power outputs and efficiencies of the GaAs double-drift IMPATT
diodes. The RF power level obtained from the heterojunction MITATT
diodes is the best reported to date. A power output of 85 mW and
RF conversion efficiency of 2.4 percent was achieved at 65 GHz.

Analytical models of the dc and small-signal characteristics
of the heterojunction Read-type diode structures are presented that
incorporate both tunneling and avalanche mechanisms for the carrier
generation. An approximate large-signal analysis is developed to
investigate the power and efficiency of heterojunction transit-time
devices.

The fabrication processes developed for the millimeter-wave
* GaAs IMPATT and heteroJunction MITATT diodes are given in detail.
* Various approaches used during the fabrication are studied compara-

tively and their relative advantages and disadvantages are discussed.

Millimeter-wave oscillator circuits used in this work employ
a disk resonator to achieve frequency adjustment. The dc bias port
uses a radial choke for RF termination.

The electrical characteristics (I-V and C-V) of the hetero-
junction MITATT and the double-drift GaAs IMPATT diodes are presented.
The RF performance (the output power and the oscillation frequency)
of the double-drift GaAs IMPATT diodes and the heterojunction MITATT
diodes were measured in the V-band (60 GHz) and the W-band (94 GHz)
circuits. Both the commercial ceramic package and the double-quartz
3tandoff package were used and their effects on the RF performance of

'liodes were investigated.

'.1

WiCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGEihWon D00 E.tred)

* . . . .



ft.

TABLE OF CONTENTS

CHAPTER I. INTRODUCTION 1

1.1 Introduction 1
1.2 Basic Properties of the IMPATT, MITATT and

TUNNETT Modes 2

1.2.1 IMPATT Mode 2
1.2.2 TUNNETT Mode 4
1.2.3 MITATT Mode 6

1.3 DOVETT (Double-Velocity Transit-Time) Devices 6
1.4 State of the Art of IMPATT, MITATT and TUNNETT

Diodes 11
1.5 Outline of the Present Study 19

CHAPTER I. DC, SMALL-SIGNAL, AND APPROXIMATE LARGE-
SIGNAL ANALYSIS OF HETEROJUNCTION TRANSIT-
TIME DEVICES 23

2.1 Introduction 23
2.2 DC Analysis 23

2.2.1 The Tunnel Injection Current 23
2.2.2 Simple Mixed-Breakdown Model 25

2.3 Small-Signal Anslysis 29

2.3.1 Generation Region Impedance of IMPATT
Diodes 30

2.3.2 Generation Region Impedance of MITATT
and TUNNETT Diodes 32

2.3.3 Drift Region Impedance of Heterojunction
MITATT Diodes 35

2.3.4 Small-Signal Analysis of Heterojunction
IMPATT Diodes 38

2.4 Power and Efficiency Analysis of Heterojunction
Two-Terminal Devices ho 0El
2.4.1 Power and Efficiency of a Double- .

Heterojunction Device 41

kwabifity Codes

S pucal

-iv- I



. .. 'r, 1

Page

2.4.2 Power and Efficiency of a Single-Heterojunction
Diode 44

2.4.3 Calculation of the Optimum Drift Angles for
Maximum Efficiency 46

2.5 Power and Efficiency Analysis for Heterojunction

Two-Terminal Devices Including the Overshoot Effect 50

2.5.1 Power and Efficiency Analyis for Double-
Heterojunction Devices Including the
Overshoot Effect 50

2.5.2 Power and Efficiency Analysis for a Single-

Heterojunction Device Including the
Overshoot Effect 53

2.5.3 Computer Program Results 54

CHAPTER III. PROCESS DEVELOPMENT FOR GaAs IMPATT DIODES 59

3.1 Introduction 59
3.2 Earlier Fabrication Processes 59
3. 3 Ohmic Contact Formation on GaAs 60
3.4 Schottky Contacts on n-GaAs 64

3.4.1 Surface Preparation for Metal-GaAs Contacts 66
3.4.2 Schottky-Barrier Characterization of Ti-GaAs

Contacts 67

3.5 Etching of GaAs for Device Fabrication 70

3.5.1 Wafer Thinning of GaAs 74
3.5.2 Bubble Etching of GaAs Wafers 75
3.5.3 Mesa Etching of GaAs for Device Fabrication 79
3.5.4 Anodic Etching of GaAs 79
3.5.5 Dry Etching of GaAs 82
3.5.6 Proton Isolation of GaAs Devices 85

CHAPTER IV. FABRICATION OF GaAs AND HETEROJUNCTION
GaAs-GaA1As MILLIMETER-WAVE DEVICES 89

4. 1 Introduction 89"
4.2 Fabrication Process for Millimeter-Wave Diodes 89

4.2.1 Mesa Etching 90
4.2.2 Border (Rim) Etching 90
4.2.3 Schottky Contact Metallization 94 -'
4.2.4 Gold Heat Sink Plating 94 St

4.2.5 Back Side Lapping 94
4.2.6 Chemical-Nbchanical Polishing 94
4.2.7 Back Side Bubble Etching for Wafer Thinning 94
4.2.8 Slow Back Side Etching 97
4.2.9 Wax Cover and Etch 97

S* -~ ~. .. -- [.A



Pag~e

4.3 Mesa Diodes 99

4.3.1 Mesa Diodes with Selective Gold Plating 99
4.3.2 Mesa Diodes with Gold-Plated Contacts 100
4.3.3 Common Problems Associated with Mesa Diodes 108
4.3.4 Beam-Lead IMPATT Diodes 111
4.3.5 Polyamide Supported IMPATT Diodes 114
4.3.6 Proton Guarded (Isolated) IMPATT Diodes 117

4.4 Separation of Individual Diodes 120

4.4.1 Heat Sink Etching 120
4.4.2 Selective Au-Ag Plating 122
4.4.3 Wafer Saw Cutting 124

CHAPTER V. MILLIMETER-WAVE OSCILLATOR CIRCUITS AND DIODE DC
AND RF CHARACTERISTICS 126

5.1 Introduction 126 ak

5.2 Millimeter-Wave Oscillator Circuits 126
5.3 Hat Resonator Waveguide Oscillator Circuit 131
5.4 Millimeter-Wave Measurement System 136
5.5 Electrical Characteristics of the Fabricated Diodes 141

5.5.1 The Current-Voltage Characteristics of the
Heterojunction Diodes 141

5.5.2 The Capacitance-Voltage (C-V) Characteristics
of the Heterojunction Diodes + + 147 :%

5.5.3 The Current-Voltage Characteristics of p -n
Heterojunction MITATT Diodes 147

5.6 Packaging of Millimeter-Wave IMPATT and MITATT Diodes 152
5.7 RF Measurement Results of Double-Drift 60-GHz

IMPATT Diodes + + 159
5.8 RF Measurement Results of Heterojunction p n n

MITATI Diodes 170

CHAPTER VI. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 174

6.1 Conclusions 174
6.2 Suggestions for Further Study 177

REFERENCES 179

INDEX OF TECHNICAL REPORTS AND PUBLICATIONS ON THIS CONTRACT 184

vi

-vi- S..



LIST OF ILLUSTRATIONS

Figure Pag~e

1.1 Voltage and Current Waveforms for the IMPATT Mode. 3

1.2 Voltage and Current Waveforms for the TUNNETT Mode. 5

1.3 Voltage and Current Waveforms for the Double-
Velocity Transit-Time Device Operating in the
TUNNETT Mode. 7

dI

1.14 Proposed Double-Velocity Transit-Time Device. 9

1.5 State of the Art of Si IMPAIT Diodes. (Pao8) 20

1.6 State of the Art of GaAs IMPATT Diodes. (Pao8) 21

2.1 Device Structure and Electric Field Profile. 28

2.2 Small1-Signal Equivalent Circuit of the Generation
Region. 33

2.3 (a) GaAlAs-GaAs-GaAlAs Double-Heterojunction
Two-Terminal Transit-Time Device. (b) Terminal
Voltage, Injected Current and Induced Current
for the Device. 142

2.14 (a) GaAlAs-GaAs Heterojunction Two-Terminal
Transit-Time Device. (b) Terminal Voltage,
Injection Current and Induced Current for the
Device in (a), Respectively. (ax = 3) 145

2.5 The Idealized Voltage and Current Waveforms for
(a) Double-Heterojunction TIJWNETT, (b) Single-
Heterojunction TUNNhETT, and (c) Monojunction
TUNNETT. The Optimum Transit Angles are 6

hi

210, e 330, 0= 2oand 6=20Dges0h 20,20Dges
ax = 3 Wh~ere ax = (I /I ). The Normalized Maximum

2 1
Power Efficiencies Are n h -0.5015, - o.14757,

m-nd - 0.2122, Respectively. 149

2.6 Idealized Induced Current and Voltage Waveforms.
(a) Applied Terminal Voltage, (b) Induced .

Current for Single Heterojunction, and (c) .
Induced Current for Double H-eterojunction. 51

-vii-

4i

... ..



Figure Page .

I.

2.7 Normalized Efficiency with Tov, , and a as2 1

Parameters for a Single-Heterojunction Diode.
(eh and 6D Are Optimized) 55

2.8 (a) Variation of Normalized Power Efficiency and

(b) Junction Angle 6h with a as a Parameter for

a Single-Heterojunction Diode. 56

2.9 Variation of Normalized Power Efficiency for a
Single-Heterojunction Device for Three Different
Cases. (a) 6h Is Optimized Including Overshoot

hEffects, (b) 6eh = 208 Degrees Is Chosen Without

Overshoot Effects Considered and Overshoot Is
Present, and (c) Same as (b) Except eh = 180 Degrees. 58

3.1 (a) Five-Dot Array for Measuring Contact Resistance.
(b) Curve-Tracer I-V Characteristic of a Dot in the
Array. 63

3.2 Forward I-V Characteristics of Sputtered Ti/n-GaAs
Schottky Test Diodes (0.006-Inch Diameter) and
Their Variation with Annealing. 69

3.3 Forward I-V Characteristics of Evaporated Cr/Cr/
n-GaAs Schottky Test Diodes (0.006-Inch Diameter)
and Their Variation with Annealing. 71

3.4 Forward Bias I-V Characteristics of Ion Beam
Deposited Cr/n-GaAs Schottky Test Diodes (O.O06 -Inch
Diameter) and Their Variation with Annealing. 72

3.5 (a) Forward I-V and (b) Reverse I-V Characteristics
of Schottky Diodes (0.006-Inch Diameter)After
Annealing at 200 0 C for 15 Min. 73

3.6 The Apparatus Used for the Bubble Etching of GaAs.
The Teflon Boat on Which the Wafer Is Mounted Is
Shown on the Right Side. 77

3.7 Cross-Sectional Drawing of the Apparatus Used for
GaAs Etching. 78

3.8 Scanning Electron Microscope Photograph of the GaAs
Mesa Structure Etched in NH OH:H 0 :H 0 (3:1:15).

4 2 2 2
Magnification is 3000 witn 45-Degree Angle Viewing. 81

3.9 Anodic Etching of GaAs. (a) Anodic Etching
Apparatus, (b) x-y Plotter Output During Etching,
and (c) 7ypical Breakdown Voltage Variation During
Anodic GaAs Etching Indicating the Various Regions. 83

-viii-
! 1v



Fi Cure Page

3.10 (a) Proton Isolated GaAs IMPATT Diode Structure and

(b) Implant Schedule Used for Proton Bombardment. 88

4.1 Two-Terminal Heterojunction Device Fabrication
Process. (a) Mesa Etch, (b) Border (Rim) Etch,
(c) Schottky Contact Metallization, (d) Gold
Heat Sink Plating, (e) Slow Back Side Etch Until
Metallization Is Seen, (f) Ohmic Contact, and (g)
Diode Is Complete After Mesa Etch. 91

4.2 Two-Terminal Device Mask Set. (a). M.Iesa Etch Mask,
(b) Ohmic Contact Mask, and (c) Border (Rim) Etch
Mask. 92 "

4.3 (a) 5-Pin Mesa Etch (40oX Magnification) and
(b) Profile of Mesa. 93 -

4.4 Border (Rim) Etch. Border Etch Is 8 pm and Mesa
Is 5 =rm. (50X Magnification) 95

4.5 Photograph of Gold-Plated Heat Sink. The 0.006-
Inch Diameter Mesa Retains Its Shape After Plating.
The GaAs Rim (Border) Is Also Seen in the Picture
Next to the Gold Heat Sink. (200X Magnification) 96

4.6 After Bubble Etch from the Back Side (a) and (b)
Show the Exposed Schottky Metallization and Some
GaAs Left on the Surface. (a) 50X Magnification
and (b) h0OX Magnification. Dark Areas Are GaAs,
Light Areas Are Cr-Au Metal. 98

4.7 Process Steps Used in Device Fabrication. (a)
After Au-Ge/Ni/Au Evaporation, (b) Wafer After Au
Plating, and (c) Final Mesa Etched in (5:1:1)
H SO :H 0 :H 0. 101

2 4 2 2 2
4.8 SEM Photographs of 0.002-Inch Diameter Ti/n-GaAs

Schottky Diodes. (a) 450X Magnification with 45-
Degree Viewing Angle, (b) 450X Magnification with
80-Degree Angle, and (c) 1200X Magnification with
80-Degree Angle. 102

4 .9 Process Steps Used in Device Fabrication. (a)

After Au-Ge/Ni/Au Evaporation and Gold Plating,

(b) Ohmic Contact Definition, and (c) Final Mesa
Etcr in 1H SO :H 0 :H 0 (5:1:1). 104

2 4 2 2 2

4.10 Heterojunction GaAs/Ga Al As illimeter-Wave
0.6 0.4"

Diode. Diameter Is 0.0015 Inch. As Seen from
the Photograph, the Final Mesa Etch Ts not
Completed. (2000X Magnification) 105

-ix-

"-"v'." ,.)".", . ."-- . , .' 9*: :'. .":v -J .,-: k",-" / ."-'.'.-.-'-' "- . -, € ,." . .- " .-'..1X,-Ll



Figure

4.11 SEM Photograph of 25-pm Diameter GaAs Diode. The
GaAs Layer Thickness Is 3.3 um and the Contact
Metal Layer Thickness Is 0.8 um (3500X Magnification) 106

4.12 Process Steps to Eliminate the Metal Overhang.

(a) After Au-Ge/Ni/Au Evaporation, Gold Plating,
and SiO Sputtering; (b) SiO and Ohmic Contact

2 2
Definition; (c) Final Mesa Etch; and (d) Final
Ohmic Contact Metal Overhang Etching and Removal

of Si0 . 107
2

4.13 SEM Photograph of Au-Ge/Ni/Au (1500 A - 500 A
- 1000 A) Ohmic Contact Diode Etched in HCl:H 202
H 0 (80:4:1) GaAs Etchant After Ohmic Contact
2

Annealing at 4750C for 90 s. Certain Spots on the
Ohmic Contact Surface Were Attacked and Etched
Away by the Etching Solution. (50oX Magnification) 110

4.14 Beam-Lead Diode Fabrication Process. (a) Mesa
Diode, (b) First-Layer Photoresist Pattern and
Ti/Au Evaporation, (c) Second-Layer Photoresist

Pattern and Gold Electroplating, and (d) Completed

Beam-Lead Diode. 113

4.15 Beam-Lead Diode. (a) Beam-Lead Structure

Fabricated Along with the Diode and (b) SEM
Photograph of the Beam-Lead Diode Fabricated. 115

4.16 The SEM Photograph of 15-im Thick Polyamide Structure
After RIE Etching and Ti-Au Sputter Deposition.
Magnification Is 370. In the Photograph, the
Alignment Pattern Is Seen Between the Two Polyamide
Diodes. The White Colored Layer Is the Sputtered

Au Metallization. 118

4.17 Integral Packaging of Diodes. (a) Polyamide
Process and (b) 15-jim Diameter and 5-pm Deep
Contact Hole Developed on Polyamide Using Reactive
Ion Etching. (SEM Magnification Is 1600X) 119

4.18 The Reverse Bias I-V Characteristics of the
20-'m Diameter Double-Drift Proton-Guarded GaAs
IMPATT Diode. 121

4.19 (a) Wafer Is Mounted on a Glass Carrier with a Wax.
(b) After Photoresist Patterning. (c) After Gold
Etching. 123

4.20 Selective Heat Sink Plating. (a) After Selective
Au-Ag-Au Plating. (b) After Au-Ag Plating Over
the Whole .urface. 125

.1



Figure Page

5.1 Examples of Millimeter-Wave IMPATT Oscillator Circuits.
(a) and (b) Reduced-Height Waveguide Circuits, (c)
Coaxially Coupled Reduced-Height Waveguide Circuit,
(d) Cross-Coupled Coaxial-Waveguide Circuit (Kurokawa
Circuit), and (e) Hat Resonator (or Disk Resonator)
Waveguide Circuit. 127

5.2 A Sectional View of the Two-Gap "Coaxial-Gap" Mounting
Structure. 130

5.3 Equivalent Circuit for the Mount Shown in Fig. 5.2 for
the Case Where the TE Mode Is the Only Propagating

10
Waveguide Mode. (Williamson50 ) 132

5.4 The Cross Section of the V-Band Oscillator Circuit.
(60 GHz). The Dimensions in the Figure Are Five Times
the Actual Size. 134

5.5 The Cross Section of the W-Band (94 GHz) Oscillator
Circuit. The Dimensions in the Figure Are Five Times
the Actual Size. 135

5.6 The V-Band Oscillator Circuit. The OSM Connector,
Disk Resonators, Bias Post, Diode Mounting Piece, and
Back Short Are Shown in the Photograph. 137

5.7 The W-Band Oscillator Circuit. The OSM Connector with
the Precision Bellow Attached and the Other Pieces Are
Shown in the Photograph. 138

5.8 The Assembled V-Band Oscillator Circuit with the
0.12-Inch Diameter Disk Resonator. The Photograph
Reveals the Quartz Stand-Off Package in the Mount.
TIe Dimenions in the Photograph Are Twice the Actual
Size. 139

5.9 Power and Frequency Measurement Setup. 140

5.10 ,everse I-V Characteristics of 0.001-Inch Diametei
Ti/n-TaAs Millir-eter-Wave Diode. 142

0 0

5.11 Reverse i-V Characteristics of 1100 A and 850 A
Heteroj'-nction Diodes. 145

5.12 Reverse I-V Characteristics of Heterojunction Diodes. 146
0 0

5.13 Reverse I-V of 850 A and 500 A Heterojuncticn Dliodes. 148

5.114 C-V Plot for Heterojunction Diodes. lh

-Xi-



Figure Page

5.15 C-V Plot for Heterojunction Diodes. 150

5.16 (a) Doping Profile of Heterojunction p n n MITATT
Diode. (b) Electric Field Profile for Punch-Through
Case (-) and Typical Operating Voltage Case (---).
The Punch-Through Voltage Is V = 8.5 V. 151pt

+ +

5.17 Reverse Bias Characteristics of Heterojunction p n n
MITATT Diode. Diameter of the Diode Is 20 pm. 153

+ +
5.18 Reverse Bias Characteristics of Heterojunction p -n

20-im Diameter Diode on Semilogarithmic Graph. 154

+ +
5.19 Doping Profile of Heterojunction p n n Diode Near the

Interface. 155

5.20 Quartz Stand-Offs for Millimeter-Wave Diode Packaging
Fabricated Here. 157

5.21 Scanning Electron Microscope (SEM) Photograph of
Double-Quartz-Standoff IMPATT Diode for 60-GHz
Operation. Gold Bonding Wire Is 0.0007-Inch Diameter.
(140X Magnification) 158

5.22 Doping Profile Configuration of the Hybrid Double-
Drift GaAs 60-GHz IMPATT Diode. 160

5.23 Proton-Isolated 60-GHz Double-Drift IMPATT Diode
with Ceramic Package. 161

5.24 Power and Frequency of 35-vm Diameter Proton-Isolated
60-GHz Double-Drift IMPATT Diode with Ceramic
Package. 162

5.25 Proton-Isolated 60-GHz Double-Drift IMPATT Diode
with Ceramic Package. 163

5.26 Proton-Isolated 60-GHz Double-Drift IMPATT Diode
with Ceramic Package. 164

5.27 Proton-Isolated 60-GHz Double-Drift IMPATT Diode with
23-im Diameter Size Packaged with Commercial Ceramic
Package. 165

5.28 Double-Drift 60-GHz IMPATT Diode RF Performance with
,a) the Ceramic Package and (b) the Double-Quartz
Standoff Package. 167

5.29 Double-Drift Proton-Isolated 60-GHz IMPATT Diode RF
Performance. (a) 30-=im Diameter Diode and (b) 20-im
Diameter Diode. 168

-xii-

. . . . . . . . . . . . . ............



I"

hIo

Figure Page

5. 30 Double-Drift 60-GHz IMPATP Diode F(F Performance in
the W-Band (9h GHz) Circuit. The Double-Quartz

*Standoff Package Was Used. 169

5.31 p n n Heterojunction MITATTI Diode RF Performance. 171

5.32 p n n Heterojunction MITAIT Diode RF Performance. 172

-Xiii-



LIST OF TABLES

Table Page
1.1 State of the Art of Si IMPATT Diodes (Pao.). 13

1.2 State of the Art of GaAs IMPATT Diodes (Pao). 16

2.1 Numerical Results for TUNNETT, MITATT and IMPATT
Heterojunction Diodes. 48

3.1 Characteristics of Acid-Hydrogen Peroxide Etchants
for GaAs (Shaw31 ). 80

5.1 Heterojunction Wafer Doping Profile. 
143

IIN

%'IUl

-xiv--=

b" .. %|



LIST OF SYMBOLS

A** Effective Richardson constant (A.cm-20 K2).
ATsB T  Tunneling generation rate coefficients defined in

Eqs. 2.18 and 2.19.

a ,b ,m Electron avalanche impact ionization rate coefficients
defined in Eq. 2.17.

a p,b p,mp Hole avalanche impact ionization rate coefficients
~ p p defined in Eq. 2.16.

Btot Total device susceptance (mho.cm2 ).

C ,2 Depletion region capacitances of Region 1 (GaAIAs)
and Region 2 (GaAs) of the drift region of a hetero-

junction device, respectively (C.cm ).

C Generation region depletion capacitance (C.cm 2 ).
g

Dn,D Electron and hole diffusion coefficients, respectively

E Electric field intensity (V/cm).

E Energy of the semiconductor bandgap (erg).
g %

EM Generation region electric field (V/cm). ,.

f Frequency of maximum negative conductance (Hz).
0

GA  Avalanche generation rate (cm
-3 .s ).

A

GTunneling generation rate (cm-3 .s - ).

GT Total generation rate (cm 3 s-1 ).

Gto t  Total device conductance (mho-c 2 ).

Reduced Planck constant (J.s). ',

lind Induced current (A).

linj Injected current (A).

IR Reverse bias current (A).

J 0 Optimum current density for maximum device negative
conductance (Acm- 2 ).

- xv-



0.

Jdc Dc current density (A cm
2 ).

J n,Jp Electron and hole current densities, respectively

~ (A-CM-2 ).

J Total saturation current density (A.cm-2 ).~s

Jt Tunnel current density (A"cm - 2 ).

k Boltzmann constant (J.K-i).

k,k r,k Defined by Eqs. 2.59 through 2.61.
a Avalanche inductor in the generation region (H1cm2)"

L Tvtal inductor of the generation region (H-m 2 ).

L Tunnel inductor in the generation region (H-cm 2 ).
T

2 Length of GaAiAs region in the drift region of a %
1 heterojunction device (pm).

£ Length of GaAs region in the drift region of a
2 heterojunction device (pm).

MA Avalanche multiplication factor.

MT Tunnel-to-saturation-current ratio.

m1 Defined by Eq. 2.149.

m* Reduced effective mass (kg).

M* Electron effective mass (kg).
e

lh Light hole effective mass (kg). ,4

N4 AN D  Acceptor and donor doping densities, respectively(cm )

n,p Electron and hole densities, respectively (cm-3).

n Ideality factor (used in Chapter III).

n' Defined by Eq. 2.50.

n ,p Electron and hole densities in the conduction band
1 1 when the single-level trap and fermi level are equal,

respectively (cm 3).

n. Intrinsic carrier density (cm- 3).
1

',a



P dc Dc power (W).

I)H RF power (W).

q Electronic charge (C).

R Recombination rate (cm-a.s-I).

R aAvalanche resistor in the generation region (jj-cm 2 ) .

R D  Drift region resistance (Q-cm2).

R T  Tunnel resistor in the generation region (0-cm2).

S Schottky contact area (cm2).

T Temperature (OK).

V Applied voltage (V).
a

V b  Built-in voltage of the p-n junction (V).

Vd Dc bias voltage (V).

Vf Forward bias voltage (V).

V 9Generation region voltage (V).

V R  Reverse bias voltage (V). .

VR RF voltage (V).

V n,'Vp  Electron and hole velocities, respectively (cm/s).

Vsa Saturated velocity of a carrier (cm/s).

w Total active region width (pm).

w ,w ,w Lengths of Regions 1, 2 and 3 shown in Fig. 2.3,
1 2 3 respectively (pm).

x D  Drift region reactance (Q'CM2).

x Avalanche region width (pm).
l a

x Generation region width (pm).
g

Yto Total device admittance (mho'cm2).

Z D  Drift region impedance (Q'cm2).

z Generation region impedance (p.cm2).
g

Zto Total device impedance (Q-cm2).
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a Ratio of electron saturated velocities in GaAs and
GaAlAs.

ci' Derivative of the impact ionization rate with
respect to the electric field. P

a Defined in Eq. 2.106. ,

2

an a Electron and hole impact ionization rates, respectively

(cC.

Temperature coefficient (°K-).

'y Defined in Eq. 2.81.

6 Defined in Eq. 2.80.

C Avalanche region dielectric constant (F'cm'l).

C ~Semiconductor dielectric constant (F-cm-1).

Normalized power efficiency (percent).

Power efficiency (percent). a,

nrel Defined in Eq. 2.104.

o Drift region transit angle in GaAlAs (degrees).
1 .

o Drift region transit angle in GaAs (degrees). l
2

e D  Drift region transit angle (degrees).

eh ,0h The injection angles for the first and second
1 2 heterojunction interfaces (degrees).

Phase angle of maximum injected current (degrees).

6 Overshoot transit angle (degrees).eov

6 w  Phase angle width of the injected current pulse
(degrees). -

Tg Generation region transit time (s).
Tho',Tpo Electron and hole minority carrier lifetimes,

respectively (s-1).

Th ,Th Transit times in Regions 1 and 2 (s). 1
1 2

toy Average overshoot time (s).ov .

B Schottky-barrier height (V).

n
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w Avalanche resonance frequency (rad-s-1).

w Generation region frequency (rad-s-1).
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CHAPTER I. INTRODUCTION

1.1 Introduction

This study is concerned with the experimental and theoretical

investigation of two-terminal millimeter-wave transit-time devices.

The realization of negative resistance by utilization of transit-time

effects was first proposed by Shockley' in 195h. Read, 2 in 1958,

proposed a diode structure in which the negative resistance is

caused by a combination of impact avalanche ionization and transit-

time effects. Read's results predicted that this device is capable

of producing microwave oscillations with an efficiency of 30 percent.

The Read diode was successfully fabricated by Lee et al. in 1965.

At about the same time, a Si p-n junction diode, fabricated by

4Johnston et al., produced microwave oscillations. Since 1965,

progress in the area of two-terminal transit-time devices has been

very rapid. The progress achieved to date is mainly due to the

improvements in the material preparation [such as molecular beam

eyitaxy (MBE)1, circuit design, improved packaging and heat sink

technology, and finally in the development of excellent theoretical

models. The development of theoretical models has made a significant

contribution to the understanding of the operating principles and the

lesign of these devices. Two-terminal transit-time devices can operate

in different modes which are determined by the generation mechanisms

',f the carriers.

Adlerstein and Statz 5 proposed a double-velocity transit-time

l1ode (DOVETT) that is composed of two different materials with

-- i--
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Sdifferent saturation velocities and characteristics. In the following,

theo basic properties of the IMPATT, MITATT and TUNNETT modes of

operation and the properties of heterojunction diodes are presented.

1.2 Basic Properties of the IMPATT, MITATT and TUNNETT Modes

*, 1.2.1 IMPATT Mode. The word IMPATT stands for impact ionization

avalanche transit-time. The IMPATT mode is characterized by the in-

jected current pulse lagging the RF voltage wave approximately 90

degrees. The device negative conductance is caused both by the

avalanche multiplication process and by transit-time effects. The

voltage and current waveforms shown in Fig. 1.1 give typical large-

signal IMPATT operation. The operating frequency and the efficiency

of the diode are

fo - wsat (1
o 2w xgJ

and

2 RF
Ti -I- (1.2)

*ff Vdc

where vsat is the saturated velocity of the carriers in the drift

region, w is the total active region width, x is the generationg

region width, V is the magnitude of the RF voltage, and V is
RF dc

the dc bias voltage.

IMPATT-mode diodes with various doping profiles, such as

low-high-low, high-low, uniform, and single- or double-drift profiles,

have becn realized successfully. The double-drift profile is partic-

ularly very useful since both electrons and holes are utilized in

-°a . . . . . . . ...
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the operation of the diode. The total active region of the double-drift

diode is approximately twice as long as that of the single-drift

diode, which results in lower diode capacitance for the same diode

area. For X-band and lower millimeter-wave frequencies the generation

region width is small compared to the tntal active region width.

This is not true for the higher millimeter-wave frequencies (such as

60 GHz and above) in which case the generation region width constitutes

an appreciable portion of the total active region width.

The IMPATT mode has an intrinsically high noise level. This

is due to the large avalanche multiplication factor that characterizes

the IMPATT mode.

1.2.2 TUNNETT Mode. The TUNNETT (tunnel transit-time) mode

of operation is characterized by the injected current pulse being

approximately in phase with the RF voltage wave. The device negative

conductance is caused only by the transit-time effects. The current

and voltage waveforms are shown in Fig. 1.2. The operating frequency

and the efficiency of the diode are

fo - wsx

and

dAl

The precedingr equations show t1rV t:.9 . <fiti:nev and the nec-

i tive resistance of TUNNETT dior are w:': Ww oomared to IMPATT

diodes. Due to the need for very ireclse ntr< tLi.e doping

- i , i - I r . . .- - - -U
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profile and the low negative resistance achievable with TUNNETTs,

it is very difficult to build them.

The TUNNETT diode has a low noise level since there is no

multiplication of the basic noise mechanisms.

1.2.3 MITATT Mode. The MITATT (mixed tunnel-avalanche

transit-time) mode of operation is characterized by the injected current

pulse lagging the RF voltage wave approximately between zero and 90

degrees. The injection angle is between 90 and 180 degrees where the

90 degrees corresponds to the TUNTIETT mode and the 180 degrees corres-

ponds to the IMPATT mode. The avalanche multiplication factor is

moderate which is less than the IMPATT mode avalanche multiplication

factor. In the MITATT mode the initiating carriers are both ther-

mally generated carriers and tunnel generated carriers. The efficiency

and the negative resistance of MITATTs are lower than the values

achievable with IMPATTs. On the other hand, the noise performance of

MITATTs is expected to be superior to IMPATTs.

1.3 DOVETT (Double-Velocity Transit-Time) Devices

The DOVETT device incorporates a heterojunction between

materials having different electric field saturated carrier velocities.

Although the efficiency of the !MPATT diode can be improved with this

a!r,-iro(rch, the most significant improvement can be achieved for TUNNETT

diodes. The double-velocity transit-time devices can operate in the

IMTPATT, MITATT and TUNNETT modes. Figure 1.3 shows the current and

vcitare waveforms for the double-velocity transit-time device operatino

iI: the TUNNETT mode. The main difference between a conventional transit-

time device and a double-velocity transit-time device i that fhe

-, < ..-. ..-. , .-...-, .... , , ... . . . .- , . . .. . . -.. ... . ..... .-. . . ., , , .., - t
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drift region incorporates a material layer near the generation region

having a low saturated velocity. This requirement is satisfied by

the Ga .6Al As-GaAs heterojunction structure. Immorlica and, 0. 0.4

Pearson 6 investigated the velocity saturation in n-type Ga _xAlx As

single crystals. Their results indicate that for x = 0.h the

saturated velocity is the lowest value obtainable with this material

with the value v 2 x 106 cm/s. It is also known that for thisVsat

Al concentration the single crystal material becomes an indirect

bandgap material. Based on these results, the structure shown in

Fig. 1.h is proposed as a double-velocity transit-time device. In

this structure the first GaAs layer constitutes the generation region.

The first layer of the drift region is Ga Al As followed by

0.6 0.4

GaAs. The main advantages of using this structure for transit-time

devices are as follows:

1. Due to the low saturated velocity in GaAlAs the induced

current corresponding to this region is lower which improves the

dc-to-RF conversion efficiency of the diode.

2. It is well known that the transient effects play an important

role in the performance of millimeter-wave diodes. Monte Carlo and

energy-momentum calculations at low electric field (E < 20 kV/cm)

values show that an abrupt field change of a few kV/cm can lead to

the charge traveling significant fractions cf a micror. at mean

velocities significantly higher than the peak velocity of the static

v(E) characteristics. This effect is called "velocity overshoot."

Similarly, when the electric field is decreased abruptly, the carriers

travel with lower mean velocities than the static velocity-electric

field v(E) characteristics. This effect is celled "velocitv

,, . . ...,,... ..- . . . . . . . ..-":i -.. .. "
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undershoot." Similar behavior is expected when carriers go through

heterojunction interfaces. When carriers enter the low-energy bandgap

material from the high-energy bandgap material (i.e., from GaAlAs to

GaAs) velocity overshoot occurs. Similarly, for the opposite case

velocity undershoot occurs. The magnitude of the mean velocities and

traveling distance are expected to depend on the initial energy of the

carriers, local electric field strength, and the magnitude of the

energy bandgap discontinuity. The local electric field in the hetero-

junction region of the IMPATT diode is usually very high (i.e.,

E > 200 to 300 kV/cm). This dominates the transient effects and the

values of mean velocities and traveling distances corresponding to

the overshoot and undershoot effects obtained from the low-field

(i.e., E < 20 kV/cm) Monte Carlo analysis are invalid. Therefore,

to assess the significance of the velocity overshoot and undershoot

effects, detailed and accurate Monte Carlo or energy-momentum calcu-

lations must be developed that can handle the high electric field

(E > 200 to 300 kV/cm) cases. If these effects are significant, they

dominate the device performance and must be included in the design of

these devices. These effects can be used to advantage to improve

the efficiency of the diodes.

3. As reported by David et al.,7 the ionization rates (a) in

GaAlAs are much lower than the ionization rates in GaAs for the same

electric field value. This property can be used to localize the

generation region in IMPATT diodes. For the GaAs-GaAlAs-GaAs system,

the generation region can be localized effectively to the GaAs region

since the ionization contribution from the neighboring' GaA1As will be

very low. This will also improve the performance of' th diode(.

5,%

. .
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I.h State of the Art of IMPATT, MITATT and TUNNETT Diodes

The performance of IMPATT diodes is determined by several
,%

factors, such as the semiconductor material properties, doping profile,

and series resistance (due to the undepleted active layer, the highly

doped bulk layer, and the ohmic contact resistance). These are the

inherent factors that are determined by the design criteria and the

fabrication technology employed in the diode. The packaging tech-

niques employed for mounting the diode into the waveguide circuit also

affect the performance of the diode and this is one of the most chal-

lenging parts of IMPATT diode work. The lead inductance of the bonding

strips and the package capacitance of the quartz standoffs or ceramic

rings must be controlled (or specified) very accurately to improve the

overall diode performance. Since the IMPATT diode is forced to

dissipate a few watts to a few hundred watts of power on a small device

area (typically l0- 3 to 10 - 6 cm2 ) the junction temperature under

normal operating conditions is very high (5000 K). Therefore, proper

heat sinking (dissipation) must be provided.

Under large-signal operating conditions, the available negative

resistance of the IMPATT diode is very low, typically less than

-1 Q. This is a very low impedance that must be matched to the load

impedance that is two orders of magnitude higher for most circuits.

This requires the design of a waveguide circuit capable of achieving

the impedance transformation with low-loss and broadband characteristics.

Since the first successful fabrication of an IMPATT diode in

1965, rapid progress has been made in all of the areas mentioned

previously, making the IMPATT diode a very useful component in system

7.
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and component design in microwave and millimeter-wave communication

and guidance systems. The frequency of Si IMPATT diodes has been

extended up to 423 GHz (submillimeter wave). The highest efficiency

reported to date is 35.5 percent at 8.15 GHz with a low-high-low

GaAs IMPATT diode structure. In terms of power output and efficiency,

GaAs IMPATT diodes show better performance in CW operation for fre-

quencies up to 60 GHz than do Si IMPATT diodes. However, GaAs IMPATT

diodes have not worked well for frequencies higher than 100 GHz.

8q

Tables 1.1 and 1.2 show the state of the art of Si and GaAs diodes,8

respectively.

Due to electronic limitations, the power and efficiency of

GaAs and Si IMPATT diodes drop very quickly as the frequency of

operation exceeds 200 GHz. For the upper end of millimeter-wave

frequencies or in the submillimeter-wave region, the other alternative

is to use tunneling effects (TUNNETTs and MITATTs). Nishizawa et

al., 9 for the first time, obtained oscillations in the 100 to 248

GHz frequency range from p n+ nn GaAs diodes with strong tunneling

reverse-bias characteristics. The measured power levels are not

quantitative Ir. 'f ir putlished re:Q t . Elta et al. reported

-- .aticn ?: ' A' k ,AcV h Pi 1 ', 3,Hz wi th 3 rW output

Ftn•i !'i'cat ior thes, ": .- ."I NNE77

u. .. r reduces the avail- .,, , . ' r I -

levice-circuit impedance matcfI!,, ,. . -:i
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further complicated and difficult to achieve. Figures 1.5 and 1.6

show the power-frequency performance of Si and GaAs IMPATT diodes,

respectively.

1.5 Outline of the Present Study

The objective of this study is to investigate the experimental

and theoretical characteristics of heterojunction (GaAs-Ga Al As-
0.6 o.4

GaAs) and conventional GaAs two-terminal millimeter-wave transit-

time devices.

In Chapter II analytical models of dc and small-signal charac-

teristics for Read-type diode structures are given for heterojunction

transit-time diodes operating in the IMPATT, MITATT, and TUNNETT modes.

An approximate large-signal analysis is developed to investigate the

power and efficiency of heterojunction diodes that includes overshoot

effects. Based on this approximate large-signal model, a computer

program was developed to calculate optimum device structures for

maximum efficiency.

In Chapter III, a discussion of various processing steps

involved in the fabrication of millimeter-wave GaAs IMPATT diodes is

given. Ohmic contact and Schottky contact formation on GaAs are very

important processing steps in the device and circuit fabrication.

Their quality directly affects the device performance. The ohmic and

Schottky contact characteristics used in this work are presented.

Finally, the chemical etching and wafer thinning of GaAs used in this N

work is discussed in some detail.

In Chapter IV the fabrication processes developed during this

work, namely proton isolation, mesa etching, integral packaging with
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polyamide support, and selectively plated Au-Ag-Au integral heat

sink formation, are presented in detail. These various approaches

are compared and their advantages or disadvantages for potential

&

application are discussed.

In Chapter V the waveguide circuit used in this work is

presented. Other approaches to the design of waveguide circuits for

millimeter-wave oscillators are reviewed. The packaging techniques

of the diode chips and their effects on the performance of millimeter-

wave oscillators are studied. Finally, the results of the RF per-

formance of the diodes fabricated during this work are presented.

In Chapter VI a summary of the work is presented and suggestions

for further study are given.
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CHAPTER II. DC, SMALL-SIGNAL, AND APPROXIMATE LARGE-SIGNAL

ANALYSIS OF HETEROJUNCTION TRANSIT-TIME DEVICES

2.1 Introduction

In this chapter analytical models for dc, small-signal,

and approximate large-signal characteristics for Read-type double-

velocity heterojunction transit-time devices are presented. The

models developed here assume that the heterojunction interface is

away from the generation region (i.e., the generation region is

confined to the GaAs layer) and it only affects the drift region

characteristics. The generation region and the drift region of

the diode are treated separately such that the characteristics of

IMPATT, MITATT and TUNNETT modes of operation can be obtained.

Elta1 1 derived dc and small-signal analytic models that incorporate

both tunneling and avalanche breakdown mechanisms. Some of his results

are stated here without going into detail. For a more detailed

treatment, his work should be consulted. Following the dc and

small-signal analysis, an approximate large-signal analysis is given

that can be employed to determine the power and efficiency of the

heterojunction diode. The analysis also includes overshoot effects.

2.2 Dc Analysis
..-

2.2.1 The Tunnel Injection Current. The tunnel injection

+
current of a reverse-biased p -n diode is determined by the physical

parameters of the materials, such as band structure, bandgap, and

effective masses of the electrons and holes. To obtain an appre-

ciable tunnel injection current, the electric field at the junction

-23-
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should be high which requires a highly doped region on the n-side
+

(n = 1 x 1018 cm- 3 ) of the p -n junction. The direct tunnel current

density in a p-n junction is given by the following equation:

/2 q m* "V E 1Tm*I/2E3/2'

Jt = / exp - P (2.1)47r 112El /2 MY qM
g

where E is the electric field intensity in the junction, E is the
g

bandgap energy, V is the applied voltage, and m* is the reduceda 0'

effective mass represented by

: 1 (2.2)
-m* = -(1/r:) + (1/m") '± (2.2

e lh

where m* is the electron effective mass and m* is the effective

e lh

light hole mass. If E is approximated by the peak field of the

p -n abrupt junction, it can be expressed as

2qND(V + V

E = (2.3)
0o s

where V is the built-in voltage of the junction, ND is the donor
bD

density in the n layer, and E is the relative dielectric constant of
s .

the material. Substituting Eq. 2.3 into Eq. 2.1 yields

B )-
J = B /V + Vb V ,exp (2.4)

a b'I a + V b

where "
%"

qm*ND 1/2

B = 2 (: (2.5)~o~s~gJ ..
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and

irE (£ £ E m 1/2

2= -- /° (2.6)

2 C

The temperature coefficient a of the I-V characteristics is

assumed to be given by

AVm

8 = MTv (2.7)
V 29 3 OKAT

where AV= V - V and AT = T - 293°K. The sign of 8is used to

2930K

evaluate the injection mechanism in the junction. When the tunnel

+
injection is dominant in the junction, 8 is negative. 8 for a p -n

diode that is dominated by avalanche breakdown is positive.

2.2.2 Simple Mixed-Breakdown Model. In this analysis the

drift-diffusion model, which consists of five fundamental equations,

is used for the analysis of microwave transit-time diodes. Poisson's

equation, the continuity equations for holes and electrons, and the

transport equations for holes and electrons must be solved with the

proper boundary conditions. In one dimension, these equations are:

aE = a( N + p  n) , (2.8)
ax £ D A

t =
- l + G (E) + GA(n'p'E) + R(np) (2.9)

at q 3x T GknpE) Rnp

' an i J
an- 1 -E + G (E) + G (n,p,E) - R(n,p) , (2.10)

at q ax T A

J = (E)p - qD (E) p  (2.11)

p p p ax

and
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J : qv (E)n + qD (E) n (2.12)
n (2.12)

where

G A(n,p,E) : v (E) (E)p + v (E)an (E)n (2.13)Ap p n n

G T(E) AT E2 exp (- B T/E) , (2.14)

pn - n2
1 I

R(n,p) = (n + n7) +no + ) (2.15)

p(E) ap exp [- (b /E) PI (2.16)pp

a(E) a exp [- (bn/E) n] (2.17)
n n n

AT  = / Q~m*l/
T 4,m*E1/2 (2.18)

g [

m* 1/2 E3 /2

BT 2 /21- af (2.19)

E the electric field intensity (V/cm),

q = the electronic charge (C),

= the dielectric constant (F.cm-1 ),

N N = the donor and acceptor densities, respectively (cm- 3),
D' A

pn = the hole and electron densities, respectively (cm-3 ),

J ,J = the hole and electron current densities, respectively (A/ cm2),
p n

G = the avalanche generation rate (cm-3 .s-1 ),
A

G = the tunneling generation rate (cM- 3.s-1),

H = the recombination rate (cm-3.s-),

oa

- . .- a. ** '. ,%Va. %N-
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V v n= the hole and electron velocities, respectively (cm/s),
p!

D ,D = the hole and electron diffusion coefficients, respec-

tively (cm2/s),

1p ,cn = the hole and electron impact ionization rates, respec-

tively (cm-l),

n. = the intrinsic carrier density (cm-3 ),1

T poTno = the hole and electron minority carrier lifetimes, respec-

tively (s-)

p ,nl = the hole and electron densities, respectively, in the

conduction band when the single-level trap and fermi level

are equal (cm-3),

a p,b p,mp = the hole ionization rate constants, and

a ,b ,m = the electron ionization rate constants.

In microwave device studies the recombination rate contributions
9.1

to the current continuity equations are ignored. For the IMPATT mode

of operation GT is assumed to be zero. The electric field profile

shown in Fig. 2.1 is assumed for the simple model where Em  is the
0

generation region electric field, E is the drift region electric
d

0

field, x is the generation region width, and xd is the drift region

width. It is assumed that both holes and electrons have equal

ionization rates and saturated velocities for simplicity in the

analysis. The total generation rate becomes

Gtot T(EM) + vs(EM)[n(x) + p(x)] (2.20)

Neglecting the diffusion term, Eqs. 2.11 and 2.12 yield

SJdc = Jp + J = qv [n(x) + p(x)] . (2.21)
dc p n S

.4

.- .. . * ) .. .. .. . . ) . . . .- . .. . .. .. . - . " .", , " " " :. . . - . " " " ' . '

. a , • • I 1 i I H I " : - .. .. ±. '. *
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Using Eq. 2.21 with the steady-state versions of Eqs. 2.9 and 2.10

gives

Js + qXgG(EMo

Jdc - i - (EM )xg (2.22)0

where J is the reverse saturation current density and Em is the dc .

5 0

generation region electric field. For mixed breakdown, a multiplica-

tion factor can be defined as

Jd'
MTA J dc (1 + MT )Ma

0 5 0 0

where

qxgG T (EMo)

MTo  (2.24)s :

MT is the tunneling-to-saturation-current ratio and
T 0

A JdcMad = (1- a(E )x g - ' (2.25)

a 0 js+qxgG T(EM M0 g
0

The analysis of mixed breakdown presented here does not include the

effects of "dead space" that are believed to be important for narrow

generation regions (i.e., x < 1000 A). A more detailed analysis is

given by Elta."1

2.3 Small-Signal Analysis

The small-signal analysis presented in the following sections

Hie.12follows the approach developed by Gilden and Hines. The current

:.-

IJ
S * ** : * . -~ - , . * .- "C .
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p

and field are each composed of a dc part and a small ac variation:

j = j + J e i t  (2.26)
o a

and

E = E + e ei t (2.27)o a '(.7

where J and E are the dc values of current and field, respectively,
0 0

and J and e are the amplitudes of the ac parts.
a a

2.3.1 Generation Region Impedance of IMPATT Diodes. The

impedance of the generation region for an IMPATT diode is calculated

from the following equation:

x

dJ 2J (Og ~1p
= -- adx (2.28)

dt

Equation 2.28 relates the current buildup to the ionization rate.

Assuming a spatially uniform field in the avalanche region of width

x yields
g

U =- 2(ax -1) (2.29)
dt T g

The ionization rate can also be approximated by

iwt da i e (2.30)
a =a + ae a, + - P e ( 00 a o dE a

and so

ax = ax + eeiWt
g o g Eg a (231)

da iwt
: + -Lx e e i .(-3)

dE g a (.2

.I~ . . . . . .- . . -
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Selecting only the first-order ac terms yields

2da()XgJo a
J = i a  (2.33)

The impedance per unit area of the avalanche region is

=2 aZ = a (2.34)a 2,d a,0

Z is, in fact, the impedance of an inductance of magnitude L given bya ar

L - a (2.35)
a d2 2(adEE) Jo

This inductance is in parallel with the depletion-layer capacitance per

unit area of the avalanche zone:

a
C - . (2.36)
g xg

The resonant frequency of the LC circuit is called the avalanche

resonance frequency w and is given bya

da J 1/22 xJ

The total impedance per unit area of the avalanche zone is given by
a~ ET

*zg 2 % d a1 , ( 2.38 )

a
Thetotl ipeanc pe unt reaof heavaance zneis ive b

• - ,' L .'_'o-._' -.-"--- " ".'-'4 '''[ '. -' '"• - * - '* • . ."" """ " " "- ' - ," " "J-" ""r~~~ a (2-38)" -¢", %J , '' ,-,- -"""" ," -" "% , ' . .". -"/ ,-".' '-" - %* ' '." ." ' ,-'
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where T is the carrier transit time across the avalanche zone and
ai

is expressed as

C

x

T (2.39)
a vsa t

2.3.2 Generation Region Impedance of MITATT and TUNNETT Diodes.

The analysis done previously by Elta'1  is followed and the results

are stated here without going into detail. The small-signal equivalent

circuit for the generation region of a MITATT diode is given in Fig.

2.2. The circuit elements of the equivalent circuit are given by

C
a (2.4o)g X
g

rV
R IJo (2.hl)

J oa a

and

LT Jo]n' T  a° (2.42)
01 I

o

The total generation region circuit elements are

a (2.45)
g B T + 1

T a

........,, .-...... .................. .-.. , ... " , I 0

"~ ~ ~ ~~h total'"" generatio regio cirui "'""'"nt" "are'"""'"'' "'" "'"""" " """""" """ "'" """
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I
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c 9 dg

t o t V
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Rg Lg

FIG. 2.2 SMALL-SIGNAL EQUIVALENT CIRCUIT OF THE

GENERATION REGION.

*" 

.,. .*.. . . . . . . . . . . , . . . .. . . . . . . . . . . . . . . . . . . . . . . . ,.
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and

L A LTa
g = LT + L (2.46)

T a

The generation region frequency is defined as

2 1W
2

g -L C

gg

where

M 1 Ma T
2 0 + n' (2.147)
g Ma0  +1IV Ma

o g0

The various parameters in the preceding equations are

V go Em x (2.48)

m = m[l (2.49)

0

and

BT
n'- + 2 (2.50)

EM

where m 1 for Si and m = 2 for GaAs. The total generation region

impedance for the mixed breakdown case is given by

R + iL - - iWCgR 2

g gg
z = (2.51)

Si~ - g-- +

1 + w~c.-.

o ; .', ':.::.', '.'.., .,.', ', ., ," ':, ;.-; -,.,--.'-o< .,"-. ..'. - -, o~ v .'-':"-'- -.----.-- q ---.- --fv _-, -.k ,°.<--k( .A)
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2.3.3 Drift Region Impedance of Heterojunction MITATT Diodes.

Lin total :c current J in the drift zone is the sum of the displacement

current and the particle or conduction current injected from the gen-
.1-

eration zone and can be expressed as

Jtot= JC X't) + Jd (x,t) (2.52)

The conduction current J in the drift zone is related to the injected
c

particle current J as
g

S(xt) t - (2.53)

Assuming a sinusoidal time dependence yields

Jc(x) = g -i wx /v  (2.54) -:

The ac drift field is given by

Jd

e(x) - d (2.55)

When Eq. 2.52 and 2.53 are used, e(x) is given by

e(x) J e- iwx/v) (-6e) = -- - Je ' . (2.56)
i)W tot g

The injected particle current in the generation region is related to

the total current as

J
_ 1 (2.57)

tot -iR +iwBC
e g g

When Eq. 2.57 is used, e(x) can be expressed as
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e ,) o 12 )'xv (2.58)

I. + 1tA)L' R

Defining k k + ik. yieldsr

1 2 (2.59)
i + iwC R

ggg

where

21--7

kr g (2.60)
I- 2 +w 2C2 R2

and

WC R
k. : - (2.61)21 + oo2C2R 2

"1g(i -

When Eq. 2.59 is used, Eq. 2.58 becomes

e(x) Jtot (I- kel3X/v) (2.62)

The voltage across the drift region is obtained by integration of

Eq. 2.62. The total current J is independent of the distance (x):
tot

d d 1IiWde(x) dx v tot 1 (- ke-wx /v ) d (263)
i_ e ,

Evaluating Eq. 2.63 for the heterojunction device as shown in Fig.

2.1 yields the following:

ar

% %
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ZD J (2.64)
tot

D is the drift region impedance with real and imaginary parts RD and

XD , respectively:

ZD D iD , (2.65)

where

1 k e - i e l - 1 k e - l e  - 1 -i(
D iW CC WC e

D 1 2 2

(2.66)

= L (2.67)
4v

2
e = - , (2.68)

22

v = Electron saturated velocity in Gs (6
a = 2v Electron saturated velocity in GaAis (2.69)

v Electron saturated velocity in G~~

1

C (2.70)
1

£

2 2
2

and

C 1 1 2CD + C (2.72)
1 2

The first term in Eq. 2.66 is the depletion-layer capacitance of the

drift region. The total impedance of the diode is

z = z + z (2.73)
tot D g

which is the sum of the drift and generation region impedances.

.. .. . . . . . . . . . . .. . . . . ... . . . . . . . . . . . . . . . . . .
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2.3.4 Small-Signal Analysis of Heterojunction IMPATT Diodes.

'IiT'h ,mall-signal impedance equations and dc analysis will be simplified

considerably for an IMPATT heterojunction diode. The equations become

more tractable for the calculation of the optimum current density for

maximum device negative conductance. Therefore, this simple case was

used for the analysis. For IMPATT diodes k becomes

k 2 (2.74)

Wa

When Eq. 2.74 is substituted into Eq. 2.66 and is rewritten, the

heterojunction IMPATT drift region impedance becomes

1 os1 Cosio ++
R- 2 + , 2 (2.75)

and ."

i + ( ..sin el sin 2  +si

a) ( 2.76 )

ZD = RD + iXD is the drift region impedance. The generation region

impedance is given in Section 2.3.1:

ijT

Zg = a (2.77)
g 2 d -EJ i -~ '

Equations 2.75 and 2.76 can be expressed as follows:

* .I
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RD (2.78)

and

D w- , (2.79)
D WC D

where

C os e1 + C C 2 + (2.80)C eI  0 282

and

sin O1 sin 2  + - sin( .1
= c + ce(2.81)

11 C22

The optimum dc current density J for maximum device negative

conductance can be calculated from the preceding equations. Once the

avalanche and drift lengths are specified such that the optimum

transit angle (e ) is obtained and the desired operation frequency

w is specified, the avalanche resonance frequency wa can be derived

which yields the maximum small-signal negative conductance. Since

Wa is related to J, the optimum dc current density J can be cal-

culated. The generation region impedance is purely reactive thus

Z = iXg (2.82)gg

The device small-signal admittance is

Y =G + i 2.3tot tot Btot (2.83)

where

. 4"- " '' ,**% , . **, . .'-'-.. .. . --.. . . . ... -" " . .'- . - .. . . . .-"' - ,-, .' ', ',
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G D  (28tot RD + (Xg + XD) (2.84)

and

x +xD
Bt = + (X+X 7(2.85)Btot R D -(X + XD)

Following this procedure, the optimum current density is given by

~ 2
a
2'vs"j d (2.86)

0 22+ (X + YE: )2 1/2 (.6

+ xa

a a)a

where J is in A/cm 2, Ca is the dielectric constant in F/cm, vd is

the saturated velocity in cm/s, x is the avalanche region length in
a

cm, C is the depletion region capacitance in F/cm 2 , wi h prtn

frequency in Hz, and 6 and y are the defined constants in cm2 /F in

Eqs. 2.80 and 2.81. The quantity a' is found by first determining

Ea' the field in the avalanche region, such that a(ea)xa = 1. Then

a '( a) is calculated from the ionization rate expression.

2.4 Power and Efficiency Analysis of Heterojunction Two-Terminal

Devices

The voltage and current waveforms are idealized to obtain

analytic expressions for the power and efficiency of GaAlAs-GaAs-
S.

GaAlAs and GaAlAs-GaAs systems. In the following sections, the

GaAlAs-GaAs-GaAlAs system is referred to as "a double-heterojunction
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device." Similarly, the G&AlAs-GaAs system is referred to as

"a single-heterojunction device." In subsequent sections the effects

of velocity overshoot and undershoot are examined.

2.4.1 Power and Efficiency of a Double-Heterojunction Device.

The voltage and current waveforms are shown in Fig. 2.3 for the

transit-time double-heterojunction diode. The angles e and 0 are
m w

the injection angle and the pulse width of the injection current,

respectively. eD is the total drift transit angle. Since the induced

current is directly proportional to the saturated velocities of the

carriers in the drift regions, the current ratio in two different

regions can be expressed as

I v2 2sat (28=
1  Vt '(.7

where I and v are the current and saturated velocity of electrons
2 2sat

in Region 2 (GaAs) and I and Vt are the current and saturated
1 ia

velocity of electrons in Region 1 (GaAlAs), respectively. The dc

current is

1dc = 2 f27 lind(it) d(wt) . (2.88)

0

Evaluating Eq. 2.88 for the given waveforms in Fig. 2.3 results in

15 1]
= 1_ID+ a- 1 (e -e ) 11 (2.89)

dc 2ra a h h
2 1

where eh and eh2 are the injection angles for the first and second

heterojunction interfaces, respectively. These junction injection
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FIG. 2.3 (a) GaAIAs-GaAs-GaA1As DOUBLE-HETEROJUNCTION

'ITWO-TERMINAL TRANSIT-TIME DEVICE. (b) TERMINAL

VOLTAGE, INJECTED CURRENT AND INDUCED CURRENT

FOR THE DEVICE.



-43-

angles are given by

e
e (2.90)ehl = m  2 -+ h

and

h2 eh + Wh
2 2

where Th and ch are the transit times in Region 1 and Region 2,

respectively, given by

w

T (2.91)
h v isat

and

h 2  
(2.92)

2 2 sat -

where w and w are the lengths of the GaAlAs (Region 1) and GaAs

(Region 2) layers, respectively.

The power efficiency is given by

P RF _HRF

V) P V "n (2.93)
dc dc

where P is the RF power, Pdc is the dc power, and n is the normalized
HF dcn

efficiency. PRF and Pdc are given by

2 12

1 T.P I n(wt)VRF sin (wt) d(wt) (2.94)

RF 2vr J ind~wi RFo

'5



-44-

and

P =V .1 .(2.95)

dc dc dc 2

Evaluating Eq. 2.94 for the waveforms given in Fig. 2.3 and sub-

stituting Eqs. 2.89 and 2.95 into Eq. 2.93 results in

.1.
sinsW

n = e
W
2

[cos e - cos (e + em)] + a os + - Cos + 2mD

D a 1
a+ a -e)

(2.96)

where D is the drift transit angle given by

D1

= v 1 [w + a(w + w )] (2.97)
isat 1-"

For a = 1 the familiar equation for a homojunction transit-time device

is obtained:

sin -Cos 8m -Cos (6D + em
si (2.98)

2.4.2 Power and Efficiency of a Single-Heterojunction Diode.

The voltage and current waveforms for the single-heterojunction

diode are given in Fig. 2.4. The normalized efficiency can be

obtained from the previous results by substituting 6 and e

1 2

i .%
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FIG. 2.4 (a) GaAIAs-GaAs HETEROJUNCTION TWO-TERMINAL TRANSIT-TIME

DEVICE. (b) TERMINAL VOLTAGE, INJECTION CURRENT AND

INDUCED CURRENT FOR THE DEVICE IN (a), RESPECTIVELY.
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as follows:

8h  =0 (2.99)h h
1

and

0

= +8 - H (2.100)
h 1D m 22

The power and efficiency of a single-heterojunction diode are obtained

by substituting Eqs. 2.99 and 2..00 into Ea. 2.96:

sin - cos e - cos (eD + e ) + cos= m D m

++
qn 1 h +_2 + eD)

(2.101)

where

0 w

0 = 0 -- + (2.102)Visat

and

w
eD = (w + ). (2.103)

D Vt
1 sat

2.4.3 Calculation of the Optimum Drift Angles for Maximum

Efficiency. In this section the numerical results obtained from a

computer program that calculates the optimum angles and corresponding

maximum efficiency are given. Since 0 and 0 can be considered
m w

constant for a given device and its mode of operation, the power

efficiency is optimized to have a maximum value for the variables

h , 0h  and 0 D  The computer program calculates the optimum angles

1 2
h , and 0 and the corresponding maximum efficiency using the

1 2
conjugate gradient method developed by Fletcher and Reeves. 1 3
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Table 2.1 gives the numerical results for TUNNETT, MITATT

and IMPATT heterojunction diodes obtained from the computer program.

Tlie results show that the power efficiency for MITATT and TUNNETT

diodes can be improved greatly if heterojunction diodes are used.

The first set of data in Table 2.1 is for the idealized case where

ew, the pulse width, is assumed to be zero. In the second set of

data, the injection angles and pulse widths are taken from Elta.
1 1

The relative efficiency improvement is calculated as

'hetero - homo
rel -homo (2.1Oh)

where hetero and rhomo are the normalized efficiencies of the hetero-

junction and homojunction transit-time devices, respectively. A

heterojunction TUNNETT operating at 100 GHz would have a relative

efficiency improvement of 83 percent in which the power efficiency

is almost doubled for a = 3.

Figure 2.5 gives the idealized current-voltage waveforms for

single- and double-heterojunction TUNNETTs. The transit angle is

eD = 3n/2. The results show that the difference between the maximum

power efficiencies of single- and double-heterojunction TUNNETTs is

small, which suggests that there would not be much improvement in

power efficiency by using double-heterojunction over single-

heterojunction devices.

In conclusion, the optimum drift angles and corresponding

maximum power efficiencies were calculated for single- and double-

heterojunction diodes. The obtained numerical results can be used as

a guideline for the design of heterojunction devices.

n *-* * .~- . ~ . . . . . . . . . . . . . . . . .
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TERMINAL
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VR F

Vdc
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CURRENT .505 h h2
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CURRENT 
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-hl 1p

1 12
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INDUCED (b)

CURRENT '7h -. 2122
12

I 10 D
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(c)

FIG. 2.5 THE IDEALIZED VOLTAGE AND CURRENT WAVEFORMS FOR

(a) DOUBLE-HETEROJUNCTION TUNNETT, (b) SINGLE-

HETEROJUNCTION TUNNETT, AND (c) MONOJUNCTION

TUNNETT. THE OPTIMUM TRANSIT ANGLES ARE e = 210,
h

eh = 330, e = 208, AND eD = 270 DEGREES. cx 3
2

WHERE a = (I /I ). THE NORMALIZED MAXIMUM POWER
2 1

EFFICIENCIES ARE nh = - 0.5015, - 0.4757, AND

- 0.2122, RESPECTIVELY.
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2.5 Power and Efficiency Analysis for Heterojunction Two-Terminal

Devices Including the Overshoot Effect

In the previous section, a simple and approximate power and

efficiency analysis was given for double- and single-heterojunction

devices. In this section, the overshoot effect is included in the

previous analysis and a comparison is given betw-en the two cases.

2.5.1 Power and Efficiency Analysis for Double-Heterojunction

Devices Including the Overshoot Effect. The voltage and current

waveforms, including the velocity overshoot, are given in Fig. 2.6 and

are idealized for simple analysis. The overshoot angle 0 is definedov

as

e W w o (2.105)

where w is the operating frequency in Hz and T is the averageov

overshoot time in seconds. The induced current ratio of the overshoot

and GaAlAs regions is defined as

I v
-1ov

a v(2.6)
S1 isat

where v is the overshoot velocity of the carriers and v sat is theov

saturated velocity of carriers in GaAlAs. Similarly, the induced

current ratio of the GaAs and GaAlAs regions is defined as

I v
_ 2 _ 2sat
I s (2.107)I =I V

1 isat

where v is the saturated velocity of carriers in GaAs. The dc
2 sat

current is given by "-

a . . . . .... . ..-. ,. . . . . . . . . . . . ... . .
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ide (wt) d(t) (2.108)

0

Evaluating Eq. 2.108 for the waveforms shown in Fig. 2.6 gives

(1 - )( h -
6h )+ (a2 - a 1)eo + e

Idc 1 27 1 (2.109)

where

e + Th (2.110)6h 1 m hi
1 1

6h  eh + WTh (2.111)
21 2

and
e D  = h  + W h -1 h . (2.112)

2 3

The transit times in various regions of the diode are given by

the following equations:

w 1

- , (2.113)h v isat

2. a2
-- 1 o~ a 2 (2.114) ::

2 2sat 11

and

w
3- (2.115)Th V v

3 i sat

where w is the length of the GaA1As layer, w is the length of the

GaAs layer, and w is the length of the GaAlAs layer. The dc and RF
3

powers are given by

V -: -.. ~...'.
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Pdc = dcI dc (2.116)

and

1F 2 7r
P RF = -- lIind (Wt)VRF sin (wt) d(wt) (2.117)

The power efficiency is given by

VR
= 

n .
(2.118)

Vdc

Evaluating Eq. 2.117 and substituting into Eq. 2.118 result in the

normalized power efficiency given by

Cos Cos (0
D + + (a2 ) cos h o

+ (- a cos eh  + ( I - ) Cos ( 0h + ov
2 1

n( - a1 )(eh - eh + (a2 - aI )eov + eD 1'
"2 (2.119),.

2.5.2 Power and Efficiency Analysis for a Single-Heterojunction

Device Including the Overshoot Effect. Following the same type of

analysis of the previous section and evaluating the power and efficiency

expressions for the voltage-current waveforms given in Fig. 2.6a and b

result in the normalized efficiency expression given by

Cos - a cos (D + e) + (a - 1) S h

L-(a -L ) Cos (0h + eo6 '

n (a1 - 1)(e m - h ) + (a2 - a1 )eov + aLe D

(2.120)

%L

*%<P. % %Vf%..' : ,*V\4'/ '" " "'. -,' .".'' .< A <, " "-. -"" ". " . ' - ",". . *, "."
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0h m WTh (2.121)

an d

D = + o i -(1 + 2 (2.122)
h oV2 sat

where

w
h 1 (2.123)

h Vsat

The parameters w and w are the drift region lengths of GaAlAs and1 2

GaAs, respectively.

2.5.3 Computer Program Results. A computer program was written

for the optimization of the normalized efficiency for single- and

double-heterojunction diodes. The junction angles eh , 0 and e and
h h h
1 2

the drift angle 0 D are calculated for 0m, 0ov and a 1, a2 as parameters.

The presented results are for the TUNNETT mode of operation where 0
m

90 degrees. Zero overshoot time corresponds to the previous case

discussed earlier (no overshoot effects).

Figure 2.7 shows the variation of the normalized efficiency as

a function of the overshoot time T for a single-heterojunction
ov

4..

diode. As can be seen from Fig. 2.7, the normalized power efficiency

becomes independent of a (the saturated velocity ratios of GaAs and

GaAlAs) for large overhoot times. In this calculation and others

f = 100 GHz and T = 0 to 2.0 ps are assumed.
ox'

A similar analysis was carried out for the double-heterojunction

diode and similar conclusions were obtained.

Figure 2.8 shows the variation of the normalized power efficiency

nn and the junction angle e for different a values for the
h 2
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single-heterojunction diode. For large values of a 2 9 the normalized

efficiency nn and the junction angle eh become independent of a

'or this case the overshoot time was fixed at T = 0.6 ps.
ov

Figure 2.9 shows the results obtained for three different

cases. Curve a shows the efficiency of the diode with overshoot

effects considered in the design of the diode. Curve b shows the

efficiency with eh chosen without considering the overshoot effect

and the overshoot is present in the operation of the diode. Finally,

curve c shows the efficiency without any optimization in the design

at all. In conclusion, the velocity overshoot, if present in the

device operation, changes the performance of the diode. It was

shown that for large overshoot velocities and overshoot times the

diode performance is dominated by the velocity overshoot effects.

The diode performance is almost independent of a 1 (carrier saturated

velocity ratio of GaAs and GaAlAs) for the heterojunction diodes.

.

..

4,

,4 .. .. . .- , .. : -. ' . : , .
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CHAPTER III. PROCESS DEVELOPMENT FOR GaAs IMPATT DIODES

3.1 Introduction

In the previous chapters, the general structure and the

theoretical performance of GaAs double-drift millimeter-wave IMPATT

and GaAs-GaAlAs millimeter-wave MITATT diodes were presented. This

chapter contains a discussion of the various processing steps involved

in the fabrication of millimeter-wave GaAs IMPATT diodes. Previous

fabrication processes developed during the 1970s are briefly discussed.

Ohmic and Schottky contacts to GaAs are the most important steps for

device fabrication. Their quality greatly influences the device

performance. The first two sections of this chapter contain a

discussion of these processes. In every semiconductor device fabri-

cation at least one or more processing steps involve wet or dry

chemical etching of the semiconductor material. Etching of GaAs and

GaA]As is discussed in a subsequent section. Finally, the proton

bombardment ieveloped during this work is presented in detail.

3.2 Earlier Fabrication Processes

The first successful Read IMPATT diode was fabricated by Lee

et al. in 1965. About the same time, Johnston et al. reported

obtaining microwave oscillations from a p-n junction diode. Due to

technological difficulties in the growth of epitaxial layers and

doping these layers to form a p-n junction, the earlier challenges

were in the control of the doping profile and layer thicknesses.

The first millimeter-wave diodes reported1
4 had thick Si layers

-4 -59-
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th:!L resulted in large parasitic resistance due to the skin effect.

To reduce the parasitic resistance, a "dimple" was etched from the

back side of the slice and a cup-shaped metallization was formed.

Most earlier diodes were fabricated from Si followed by the intro-
+

duction of GaAs IMPATT diodes. In GaAs IMPATTs the p regions were

formed by diffusing Zn into n-type material grown by either liquid or

vapor-phase epitaxial growth. Diffusion of Zn into GaAs is a very

unreliable process and it was very difficult to control the doping

profile of the diodes. Recent developments in molecular beam epitaxy

(MBE) and ion implantation have resulted in excellent doping profile

control and material quality. Typical semiconductor material thick-

nesses for GaAs and Si millimeter-wave IMPATTs are of the order of

I to 5 pm. This reduces the parasitic series resistance due to the

+

n bulk material and skin effects. An excellent collection of papers

covering the earlier work in IMPATT diodes is presented by Haddad.1 5

3.3 Ohmic Contact Formation on GaAs

The quality of an ohmic contact for GaAs devices is one of the

most significant factors affecting the performance of the devices.

This is particularly true for small geometry devices, such as GaAs

millimeter-wave IMvATTs and MESFETs. Rideout16 provided an excellent

theoretical treatment of ohmic contacts to GaAs. Ohmic contacts

should have the following properties:

1. Low snecific contact resistance.

2. Good surface morphology.

3. Reliability, long-term stability.

.4a
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Specific contact resistivity largely depends on the doping

concentration of the semiconductor material, alloying temperature

and alloying cycle, and ohmic contact metallization used in the

process.

Surface preparation before the deposition of the contact metal

also affects the quality of the ohmic contact. For n-type GaAs,
.

a most commonly used and mature process is the Au-Ge/Ni/Au ohmic

contact process. Wittmer et al.1 7 studied the interaction of these

three elements on heat treatment using an inert substrate. Their work

and the work of many other researchers indicated that Ge diffuses

into GaAs resulting in a highly doped n -layer very close to the

metal contact interface. It is also speculated that Ni acts as a

wetting agent. The typical alloying temperature is approximately

45 0 'C and the alloying cycle is from 2 to 4 min. Recently IR lamp

alloying was proposed by Gill et al. 18 as an alternative to convention-

.19

al strip heater annealing. Mojzes' proposed a new "face down"

alloying method to shorten the cooling cycle. His results have not

improved the previous results obtained by the conventional alloying

technique.

Since typical millimeter-wave IMPATT diodes have contact

diameters approximately 20 to 35 Pm, low specific contact resistance

is very important to reduce the parasitic series resistance. For the

reasons mentioned previously, the quality of the ohmic contacts was

investigated prior to the IMPATT diode fabrication process. The

specific contact resistance of the ohmic contact was evaluated by

the method developed by Cox and Strack.2 ° Circular patterns of

Au-Ge/Ni/Au multilayer metals with varying diameters were formed
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on n-n GaAs substrates. The back side of the wafer was also

muetallized by a Au-Ge/Ni/Au ohmic contact that was a common ground

to the circular ohmic contacts on the epitaxial side. The wafer

was annealed at 475°C for 2 min under forming gas and the surface

morphology after annealing was still smooth. A specific contact

resistance p of 3 x10-6 Q_-cm 2 was obtained by curve fitting the

measured data. This compares favorably with the published state-of-

the-art results. Figure 3.1a shows the ohmic dot patterns with dif-

ferent diameters and Fig. 3.lb shows the curve-tracer photograph of

the I-V characteristic of the ohmic contact after alloying.

Since most GaAs semiconductor devices, such as MESFET and

Schottky GaAs diodes, require an ohmic contact to n-GaAs there have

been extensive studies of this contact during the last 15 years. This

is certainly not true for ohmic contacts to p-type GaAs layers. The

most common ohmic contact to a GaAs p-type layer is the Au-Zn (99:1)

one which can be electroplated on the GaAs surface. The alloying

temperature is higher for the Zn-Au ohmic contact which is typically

550°C. In the past, Zn diffusion was used to form a pt-n junction on

+

an n-GaAs epitaxial layer. Since p -layers can have concentrations

close to 5 to 10 x 1018 cm- 3 , Ti/Au metallization is used as an

ohmic contact. This metal forms a tunnelin, type contact to the

heavily doped p-layer near the diode surface. Such a contact behaves

very much like an "ohmic contact."

In some cases, it is detrimental to the device characteristics

to anneal the wafer at 4750C to form an ohmic contact. For example,

most Schottky contacts deteriorate at high annealing temperatures.

Under such circumstances, the low-temperature annealing reported by

. . .. . .. . . . . . . . . . ,. . . . . . .. .. .
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Wertthen and Scifres 2 1 can be used, compromising the specific contact

resistance.

3.4 Schottky Contacts on n-GaAs

During the initial phase of this work, GaAs Schottky IMPATT

and GaAs-GaAlAs heterojunction MITATT diodes were fabricated and

tested. Since an electron-beam evaporator was not available at that

time, Ti was deposited by sputtering. Schottky contacts should have

the following desired characteristics:

1. Large barrier height.

2. Ideality factor close to one.

3. Thermal stability.

h. No reaction with the semiconductor.

5. Good surface adhesion.

Barrier height is determined by the metal used for the contact,

doning level of the semiconductor, energy bandgap of the semiconductor,

and surface preparation before the Schottky metallization. Thermal

stability and the interaction of Schottky-barrier metallizations on

GaAs were studied by Mukherjee et al.22 Their results are presented

next.

Platinum, among other materials, has the largest barrier height.

The Pt and GaAs reaction starts to occur at 300C, resulting in PtAs

and PtGa compound formation close to the interface. During this

process some GaAs is constuned which is also called the "chew-in
6%

effect." This is detrimental to devices with thin active layers.
A

After the compound formation on the metal-semiconduzctor interface, r'r

.9
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PtAs2 is responsible for the subsequent Schottky-barrier

characteristics of this metallization.

Tantalum, molybdenum, and tungsten were also studied for

Schottky contacts to GaAs. Although they are very stable up to 5500 C,

flaking and gold indiffusion limit their use as reliable Schottky-

barrier metallizations.

Titanium, which is used ir, the fabrication throughout this work,

was found to be stable against interdiffusion as well as oxidation up

to h000C. Both titanium arsenides and gallium-based compounds, such

as TiAs, Ti As3 , Ti Ga and Ti Ga , have been identified in annealed
5 3 2 3 5 4 '

samples. Annealing conditions were found to affect the electrical

stability of the Schottky diode. The presence of oxygen in the

annealing furnace greatly degrades the electrical characteristics of

the diode. Vacuum annealing is recommended to avoid such problems.

In many applications Ti/Pt/Au metallization was found to be the most

stable contact where platinum acts as a diffusion barrier against

gold. Gold in GaAs acts as a recombination-generation center, causes

short lifetimes, and leads to severe barrier-height degradation.2 3

Sinha et al.2  reported that annealing (or aging) in air leads to

instabilities in the diodes and abnormally large leakage currents for

Ti-GaAs Schottky-barrier diodes. This behavior was also observed in

samples annealed under forming gas flow (95 percent N2 and 5 percent

22H H2 ) in this laboratory. Although forming gas was flowing in the

annealing furnace, there is a possibility that some amount of air or

oxygen is present in the furnace. Another possibility is that the

forming gas reacts with Ti at elevated temperatures. The end result
a.
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is that Ti-GaAs contacts should be annealed in a vacuum rather than

in forming gas.

3.4.1 Surface Preparation for Metal-GaAs Contacts. Surface

pretreatment before the deposition of contact metal on GaAs determines

the quality of the metal-GaAs contacts. The interface between the

GaAs and metal contact should be free of any impurities and contamina-
r

tion. Most chemical etchants leave behind some impurities even after

DI rinsing and N2 drying. If processing steps permit, the best way

to obtain a clean interface is to etch the GaAs surface, DI rinse it,

and blow it dry with nitrogen. Ammonium-hydroxide (NH OH) based r
4

etchants are reported to result in good interface properties compared

to other chemical etchants. In some applications, such as very thin

active layers, chemical etching of the GaAs surface would be prohibited.

Miers2 5 studied various surface pretreatments before the Schottky

contact metallization. Both HC1, H SO -H 0 and NH OH dip followed

by DI rinse and N2 drying were used and their effects on the ideality

factor and barrier height were compared. NH4OH rinse (1 NH 4OH:0 H20,
5%

dilute) was reported to be superior to other treatments. Throughout

this work the following surface-pretreatment was followed:

1. Plasma descum in 0.4 Torr Ar and 0.1 Torr 02 with 50 W RF

power for 30 s.

2. (1 NH OH:I0 H 20) dip for 30 s.

3. DI rinse for 30 s.

4. N2 dry.

This pretreatment of GaAs wafers was used before the deposition of

Ahr ic and Schottky contact metallizations.
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3.4.2 Schottky-Barrier Characterization of Ti-GaAs Contacts.

First, the ideality f'actor n and the barrier heipht B were evaluated

on a test sample. Most published results concerning the characteris-

tics of the Schottky Ti-(n-GaAs) junctions were for evaporated Ti

contacts and there was no available data on the characteristics of

Ti contacts deposited by sputtering. Second, due to the fabrication

process adopted in this work, the Schottky metal was deposited first

and the ohmic contact metallization was deposited later in the process.

Since the ohmic contacts must be annealed at 475'C for approximately

2 min, the Schottky metal should be stable during this annealing cycle.

The CW operation at high power outputs and small diode areas for high-

frequency operation results in considerable local heat dissipation at

the metal-semiconductor interface which results in intermixing and

eventual device failure. Therefore, it was essential to study the

effect of thermal annealing on the electrical characteristics of the

Ti/n-GaAs Schottky diodes used in this process.

The test sample used for the characterization of the Ti/n-GaAs

Schottky contacts consisted of an epitaxial layer of Nd = 4.2 x 1016

3 +
cm doping concentration and 0.8 pm epitaxial thickness over n

+
substrate. The entire n back side of the wafer was metallized with

evaporated Au-Ge/Ni/Au and the ohmic contact was annealed at 475 0C

for 100 s under forming gas flow (95 percent nitrogen and 5 percent

hydrogen). Ti was sputtered on GaAs followed by Au evaporation

using a lift-off process and 0.006-inch diameter Ti/n-GaAs Schottky

contacts were achieved. The sample underwent various annealing cycles

and the forward I-V characteristics were measured using a digital

voltmeter and ammeter after each annealing cycle.
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Figure 3.2 shows the forward I-V characteristics for each

annealing cycle along with the measured ideality factors arid the

barrier heights. The data were analyzed in the framework of the

* Schottky thermionic emission model. The ideality factor n and the

Schottky-barrier height B (V) are

n

kT i A T 2 S

B n q is J

and

n kT (in IF) (3.2)

where I is the intercept of the log I vs. V, plot, A** is the
s F

effective Richardson constant and is assumed to be equal to 8.4

A/cm 2 °K- 2 for GaAs, S is the Schottky contact area, T is the tempera-

ture, k is the Boltzmann constant, and q is the electronic charge.

The ideality factor n and the Schottky-barrier height were cal-

culated for the linear regions of the log IF vs. VF plot. From Fig.

3.2 it is observed that the n factor and the barrier height improved

during annealing compared to the as prepared characteristics. It is

also clear that there is not much change in the ideality factor but

the barrier height improved appreciably after annealing.

Sinha et al.24 measured the ideality factor, the barrier height,

and the I-V characteristics of the evaporated Ti/n-GaAs Schottky

diodes. Their results show that the ideality factor did not change

and the barrier height increased only 0.02 V after annealing at.

3500 C. From Fig. 3.2 it is observed that the barrier height increased

0.176 V after annealing at 300 0C while a slipht improvement was obtained

,5 ; -. . - 'i - - . - ' ' . 4 ' ' .: I T - - - - .-. -, - - ? '- - . - - . - '.. -' ".-.'-: .-- - f -. .5
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in the ideality factor. The low barrier height observed with

Ti/n-GaAs Schottky contacts deposited by sputtering is believed

to be due to surface damage on the GaAs during the sputtering process.

This initial surface damage anneals at high temperatures resulting

in an improvement of the barrier height. When the results obtained

by Sinha et al. are compared with this work, it is seen that the

barrier heights of evaporated Ti/n-GaAs and sputtered Ti/n-GaAs are

very close after annealing the samples at 300'C ( B = 0.84 V for
n

evaporated Ti and = 0.836 V for sputtered Ti Schottky diodes).
n

Figures 3.3 and 3.4 show the forward I-V characteristics for each

annealing cycle along with the measured ideality factors and the

barrier heights for both evaporated and ion beam deposited Cr Schottky-

barrier diodes, respectively. As seen in Fig. 3.4 the barrier height

is very low for ion-beam deposited Cr Schottky contacts before any

annealing process. This is believed to be due to the surface damage on

the GaAs caused by argon ions, despite the fact that the lowest

acceleration voltage was used to reduce the damage. Although the

barrier height was improved after 4000C annealing, the diode charac-

teristics are not good. Evaporated Cr Schottky diodes had the near

perfect ideality factor n = 1.03 and were stable up to 4000C. T,'igure

3.5 shows the forward I-V and reverse I-V characteristics of evaporated

Cr/n-GaAs diodes after 2000C annealing for 15 min.

3.5 Etching of GaAs for Device Fabrication

Fabrication of IMPATT diodes and other GaAs devices requires at

least one etching process. In general, isolation and separation of

individual devices are accomplished by wet chemical etchingq, of the

714 ~ 4..*
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G:tAs material. Recently, new techniques are emerging and replacing

ti, oconventional etch processes developed for GaAs. In the following

ioctions a general description of the chemical etchants used in this

work is presented. Various dry etching processes (i.e., RIE) and

their potential applications for the millimeter-wave two-terminal

devices is discussed briefly. Finally, anodic etching of GaAs for

precise control of the etching process is covered.

3.5.1 Wafer Thinning of GaAs. Due to the skin effect and

parasitic resistance limitations, the required GaAs layer thickness

for millimeter-wave IMPATT diodes is typically of the order of 2 to

7 pm. Therefore, the GaAs wafer must be thinned from 0.015 inch to

approximately 2 to 7 'Pm. Most common methods for thinning GaAs wafers

reported in the literature use mechanical abrasion. In this method,

wafers are mounted on a stainless steel lapping fixture and lapped

with a compound (commercial microgrit). This lapping and mounting

.-,

process is repeated and wafer thickness uniformity is checked each time.

To obtain better uniformity, as much as five to ten lapping and dis-

mounting steps are needed. The major disadvantages of this method are:

1. The lapping and dismounting of the wafer is tedious, requiring

longer processing time.

2. During lapping and dismounting, the GaAs wafer develops cracks

and surface microcracks that are detrimental for the following pro-

cessing steps and result in poor electrical characteristics (i.e.,

diode burnout at low bias currents).

3. Due to these limitations mentioned, wafer thinning by lapping

is limited to diodes where GaAs layer thickness is greater than 7 to

10 pim.
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The process developed during this work, which is explained in

the following section, eliminates most of the problems mentioned.

Since most MBE grown GaAs wafers are mounted with indium during epi-

taxial growth, their back side is covered by indium. After removal of

the indium in HCI, it was observed that indium that reacts with GaAs

remains on some portions of the surface. Complete removal of the

indium and uniform surface was not possible by chemical removal.

Therefore, brief lapping of the surface using a 10-pm grit compound

was performed. The damage caused during lapping was removed by

polishing the surface on a polishing wheel using 5 percent chlorine

bleach and 95 percent DI water. After chemical-mechanical polishing,

the GaAs surface is shiny and mirror smooth. The wafer was dismounted

"Ind rinsed in tricho-acetone-methanol.

3.5.2 Bubble Etching of GaAs Wafers. It is clear from the

discussion in the previous section that etching of the GaAs wafer with

uniformity and good surface quality is very important for the millimeter-

wave GaAs device fabrication. The process described in this section

wa-1 used successfully in device fabrication.

Most chemical wafer thinning of GaAs reported in the literature

was intended for sample preparation for TE microscopy. Jet polishing

26 27
and jet thinning reported by Unvala et al. and Bicknell result in

a thick rim area around the periphery of the specimen that is useful

for handling the thinned specimen. Jet etching certainly is not

suitable for water thinning for device fabrication since it leaves a

thick rim area around the periphery and only a smali area can be .,-
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24thinned uniformly (2 to 3 mm typically). Bubble etching was used

successfully by Stoller et al. 28 for thinning silicon wafers.

The apparatus used for the bubble etching of GaAs is shown in

'itr. 3.6. A cross-sectional drawing of this apparatus is given in

Fi ;. 3.7. In this process, CO gas is bubbled up through the etching

solution providing random agitation of the solution. The wafer to

be thinned is mounted on a Teflon up using paraffin wax. The Teflon

cup moves randomly during etching, floating in the solution and the

rising bubbles impinge upon the wafer surface.

First, a mixture of HF and H NO3 (2:98 volume ratio) was used

for wafer thinning of GaAs. Results were not satisfactory although it

resulted in a reasonable etch rate for thinning the wafer and good

thickness uniformity. The etch rate for this solution is 20 1m/min

at room temperature. The resulting surface after etching has a coarse

grainy structure which at first sight might be attributed to a high

concentration of small precipitation particles. This behavior was

also observed by Biedermann and Brack.2 9 The precipitation of foreign

materiul on the GaAs surface etched in a nitric acid-based etchant

was also reported by Packard.30 These precipitates were identified

2 3

'ince H 2 SO4 :H2 02 solution was used ;uccessfully to etch GaAs

ir. the past, the solution H2 SC :H 0 :11 0 (1:8:1 volume ratio) was

tried in the bubble etching of GaAs. Unlike the HF:H 4 N 3 solution,

this etchant provided a fast etch rate ( t5 im/min), uniform wafer

thinning, and excellent surface quality. The etch rate and surface

quality do not deyend cn the doping concents-tion and particular

+
topart for th-is; etching-- solut ion. Both ni I d e ii s 1si wafers
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77I. 3.6, THE APPARATUS USED FOR THE BUBBLE ETCHING CF GaAs. THE

7EFLON BOAT ON WHICH THE WAFER IS..TE IS SHOW CN1

EFIGHT SIDE.

%I



RD78-R1168 905 NILLINETER-NAVE HETEROJUNCTION TUO-TERNINAL DEYICES(U) V3
L6 N ICHIGAN UNIV ANN ARBOR SOLID-STATE ELECTRONICS LAB

N S DOWAN ET AL. MAY 86 029046-F NWSI14-92-K-2640

UNCLASSIFIED F/G 911 M



•- U. , ,

~I om8
,%,

2=0

.i • -

1111 1.25 111-4

DIII-H-1116
1l1-1 ...-. _._._.-. ,- . - . .-. - -

'!I " ll i i I . I  I o III I  I ". •il I  ll". 11"1 " I "l "I il 1 "t ! "  " l ."I I i  0 - l" i't V' i "  .... .,. . .. . .. .. . . ... -. .. . . . ,- •.. . - • . . . .. ,,. .,,.. . . .. . . , - -. - .. ,,,. % -. ,. ,.,,.,-. ,. ,.. .. .. .



-78-

TEFLON
FLOAT
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PI.3.7 CROSS-SECTIONAL DRAWING OF THE APPARATUS

USED FOR GaAs ETCHING.
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were etched and no difference in the etching characteristics were

observed.

3.5.3 Mesa Etching of GaAs for Device Fabrication. The

separation or isolation of individual devices require mesa etching.

Most common etching solutions used for IMPATT diodes for mesa etching

have been the H SO :H 0 :H20 etchant with various volume ratios. In
2 4 2 22

this work a volume ratio of 5:1:1 was used as a slow etchant during

wafer thinning and for final mesa etching. To obtain good electrical

characteristics for the diode, the diode cross section should have a

positive slope in all the other crystal plane directions. Table 3.1

shows the characteristics of the most common acid-hydrogen peroxide

etchants 31 for GaAs. In an earlier portion of this work,

NHB OH:H 2 0 2 :H2 0 (3:1:15 volume ratio) etchant was used for mesa etching.

As seen in Fig. 3.8 the mesa has a negative slope on certain crystal

directions. The photoresist mask was a perfect circle and the

resulting GaAs mesa after etching had a distorted shape. This etchant

is certainly not acceptable for diode mesa etching.

3.5.4 Anodic Etching of GaAs. Since it is essential to control

the doping profile of IMPATT and MITATT diodes very precisely to obtain

proper breakdown characteristics, an anodic etching technique was

employed. For any doping profile where the breakdown voltage increases

as the anodization proceeds, the process can be made self-limiting

by setting the anodization voltage at the desired breakdown voltage.

In this process GaAs is oxidized anodically and the oxide

thickness grown on the GaAs surface is determined by the difference

voltage between the applied voltage and the breakdown voltzg ( the

GaAs epitaxial layer. The oxide grown anodically is stripr.el in

,'.' "U
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dilute HC1 or dilute NH OH. The amount of GaAs etched during

oxidation is 60 percent of the oxide layer thickness. If the break-

down and applied voltages are known, the amount. of GaAs etched from

the surface for each oxidation growth and removal can be calculated.

If the applied voltage is set equal to the desired breakdown voltage

the oxidation process stops automatically. Niehaus and Schwartz 3 2

published an excellent article on the physical process and experi-

mental results of anodic etching of GaAs. Figure 9a shows the anodic

" etching apparatus used in this work. Figures 9b and c show the x-y

plotter output during etching and typical breakdown voltage variation

during anodic GaAs etching, respectively. The solution is a mixture

of 100 ml H 0:3 ml NH OH:3 gr tartaric acid and 250 ml propylene
2 4

glycol. The current density used in this work is 1 mA/cm 2 and the

growth rate of oxide is approximately 14.5 /V.

Much of the current at lower reverse bias voltages for MITATT

diodes is due to tunneling. There is not a well-defined breakdown

voltage as in IMPATT diodes. Appreciable reverse bias current flows

for low values of reverse bias voltage and the breakdown characteris-

tic is "soft." , anodization current was held constant and the

treakdown voltage of the GaAs sample was observed with an x-y

recorder duriri,, etching. Experimentally, it was observed that the

ikdowni vcl.taoe chr.s very rapidly as tlie + l ayer is thinned I y

ar:odic etching,. 'k.e breaklown voltare of the ,MITATT diode is very
+

sensilive to the th.ickness of Ihe , ,av'er. It is erssntiatl to stop

t' 1-ct "t i i n', g as 7oon 's:I tho i nitial lreakdo',>;. v(t - L:, rvts chariginv,

3.5., Dry Et.ching cf GaAs. Eeactiv-, ic r. etcl,. i- (IE) has

b..ri used extensive - £.- atter t tr S f r r c'c.sv h f > it y

4e



-83-

n+ GaAs Pt CATHODE
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* STIRRER
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FIG. 3.9 ANODIC ETCHING OF GaAs. (a) ANODIC ETCHING APPARATUS,

(b) x-y PLOTITER OUTPUT DURING ETCHING, AND (c) TYPICAL

BREAKDOWN VOLTAGE VARIATION DURING ANODIC GaAs ETCHING

INDICAT'ING THE VARIOUS REGIONS.
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and high resolution for the fabrication of silicon devices and

structures. Recently, there has been strong interest in the

applicatiri of RIE to III-V compound semiconductors for device

processing. Several processes have already been demonstrated, in-

cluding via holes for GaAs FETs and LED chip separation. 33 Donnelly

34et al. investigated the temperature dependence and various physi-

cal yrocess-.s of GaAs etching in a chlorine plasma. In the previous

section, it was shown that most chemical etchants ar- isotropic and

have different etching characteristics for each crystal plane. A

severe undercut of the mask and enhanced chemical reactions on the

metal-contact-semiconductor interface result in serious limitations

for chemical etchants in certain applications. These problems can be

eliminated if reactive etching is used as an alternative. Reactive

ion etchinr is highly anisotropic and does not depend on crystal

orientation. Enhanced reaction on the metal-semiconductor interface

and undercutting are no longer limiting factors for device fabrication

using a dry etching process. Hu and ioward 3 5 obtained etch rates

£-""ter than 1 jm/min and produced features having" vertic-al sidewalls

ann a clean substrate surface. Very high etch rates (5 to 19 vjm)/Init.

with hir-h aspect ratios (35 1 1) were obtained by Lincoln et a 6

usir.- icn beam as cisted etchir.g. The simi!,lar etch ratea and VPol'ile

were alsc obtained fcr n-n.:,ther import'int cc,"ur.d semiconductor, Tnl',

1r. i chlorine-based plasma. All these developments will find applica-

tiars:i in future developments of GaAs millimeter-wave devices and

circuits.

Dry etchin.g of GaAs using ion etchir- (milling) was tested in

thi s 1 bor' o.. AZ 1375 rhotoresist. !stba,.'r ,t I 0o. wns ued ns

-. ' .. " . a- o.K



-85-

:in etch mask. Etch rates of 217 X/min for GaAs and 87.5 X/min for

photoresist were obtained at 1000 V and 0.5 mA/cm2 with 18-degree tilt

angle operating conditions. In this process the only mechanism is

the physical (mechanical) removal of the surface by argon ions and

it is very slow.

The slope of the side walls can be adjusted by using proper

pressure and power levels. It was reported that RIE etching results

in slight surface damage, causing surface leakage currents. This can

be remedied by etching the surface slightly in slow chemical etchants

since, for the energies used in RIE, surface damage is very shallow

0
(100 A to 1000

3.5.6 Proton Isolation of GaAs Devices. Proton isolation was

used in the past for GaAs active devices such as MESFETs and

IMPATTs. The basic principle in this technique is to implant a proton

(hydrogen) or oxygen into GaAs. The range of proton penetration in

GaAs is approximately 1 lim per 100 keV energy. The range data indicate

that the range-energy relationship becomes significantly nonlinear for

energies greater than 800 keV. The range-energy relation is almost

linear below 800 keV. The range of protons in gold, often used as a

bombardment mask, is approximately half the range of GaAs, 0.5 pm/100

keV. Thus, the minimum thickness of gold needed as a mask for 200

keV proton energy is 1 pm. Photoresist on the other hand can be used

as a mask. The required photoresist thickness for 200 keV is

approximately 5 im.

To forrhigh resistivity layers on GaAs with light doping

(ND < I(
) 6 cm-3 ) and thin micron layers, a single dose of approximately

IlO3 cm- 2 protons gonerally suffices to compensate the entire

%' ?~u - -,- .- ,f ;.' ,.,......-....~ ., .. ,... ......-... "v... .... v.... •... ......
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bombarded layer. Thicker layers or high concentration m-terial

often requires multiple-energy bombardment due to the nonuniformity

with depth of single-energy bombardment. The process of proton

bombardment creates both deep donors and deep acceptors since proton

bombardment causes high resistivity in both n- and p-type GaAs.

The devices with complicated doping structures, such as double-

drift hybrid or Read IMPATT diodes, require a very complex proton
+ +

isMlanta-ionscheduiesince n, p, n , and p layers have different

compensation requirements. In addition, millimeter-wave IMPATTs

have very short layers due to the short transit time required for

proper operation. For a given doping level, an optimum dose schedule

exists that results in maximum resistivity. For example, a GaAs layer

with ND = x 1016 cm- 3 requires a 1013 cm- 2 dose resulting ii 108

DD(§ -cm) maximum resistivity and a layer with ND = I x 1018 cm-3 requires

5 x i C, cr -2 with 2 x 10' (0-cm) maximum resistivity, without any

cstbombardment an . Wen the bombarded layers are annealed the

rezistivity changes. Samples with low-dose proton bombardments

decrease in resistivity after annealing. Moderate-dose proton bom-

tftrded layers retain their initial resistivity up tc 300 to 400°C

arnealinF temreratures. Samples with high doping concentration

(ND = @18 cr-3) and hi r rct _n dose have a different

areal ir< behavicr. Initial rt-sisfivity cf bombarded layers is low

and increases when onnealed t 3C(to t cc 0OC. Fo;vt et a]. have

mesurel the resi.,_tivit:.- of low d'!irn ccentration GaAs layers

torrar,!ed wit!. _ 13 - dose. Do nel ly and Leonberger"

investi':ted! the multiple-nerfy proton bombardment in n -GaAs

a:. t!..0 -ITca n -I c';rrcteri st i'cs The cont- u.:i r i !.a* thoee

. ,- .. - . - . .. -t t - .. A- . -. . .. . .- .. t • .. . ,k <s . . .-s. .a- . . . . . . . . . . . . . , . . , - . -
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exists an optimum proton schedule (dose) for a given layer structure

that must be determined experimentally.

Since the available ion implanter can go up to 200 keV, the GaAs

layer thickness that can be insulated is limited to less than a

thickness of 2 pm. For this reason the initial GaAs thickness must

be 1.5 um or less for most practical purposes to allow some tolerance

in the device isolation. Figure 3.10 shows the proton guarded double-

drift IMPATT diode and the proton implantation schedule used for the

initial work.

It was observed that the initial reverse bias current before

breakdown was 100 pA, which is high for IMPATT diodes. Postannealing

the proton-isolated diodes at 3000 C in forming gas (95 percent nitrogen

and 5 percent hydrogen) for 30 min improved the leakage current by a

factor of twenty (5 pA leakage current). This behavior was also

38reported by Donnelly and Leonberger. From the annealing behavior

it seems that the implant schedule used resulted in a high dose of

protons resulting in a low resistivity semi-insulating layer.

: " ".." ",. . v " .' . "" . . . . ... . ... .. " -"". .. . . . . . . .
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OHMIC CONTACT 2-/.m Au CONTACT
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SEMI-INSULATED GaAs
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(a)

IMPLANT SCHEDULE USED

2.5 x 1014 cm- 2 at 50 keV

5.0 x l01k cm 2 at 100 keV

7.5 x 1014 CM- 2 at 150 keV
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CHAPTER IV. FABRICATION OF GaAs AND HETEROJUNCTION

GaAs-GaAlAs MILLIETER-WAVE DEVICES

4.i Introduction r

In the previous chapter, various processes developed for the

fabrication of GaAs and GaAs-GaAlAs heterojunction millimeter-wave

IMPATT and MITATT diodes were presented. In this chapter, the fab-

rication p2.rocess developed during this work is given in detail.

Virtually all technological problems associated with fabrica-

tion of high-frequency IMPATT diodes can be attributed to the reduced

dimensions of these devices. The active layer thicknesses are reduced

for millimeter-wave diodes due to the short transit time at these

frequencies. The diode area is also reduced to maintain reasonable

impedance levels. For these reasons, the material preparation,

fabrication process, and packaging of the devices become challenging

technical problems. In the following sections, various fabrication

1,rocesses developel to overcome the technical problems encountered

during this work are presented.

4.) Fabrication Process for Millimeter-Wave Diodes

In this section, the basic fabrication sequence used during the

initial p hase of this work is presented. The following steps were

used i. the rrocess:

1. Mesa etchin (C.0CC6-inch diameter).

Forder etching.

3. Schcttky contact metallization (Ti-Au evaporation).

-. 82-,

• %"9
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4. Gold heat sink plating.

5. Back side lapping with 10-m grit compound.

6. Chemical-mechanical polishing.

7. Back side bubble etching (fast etch).

8. Slow back side etching.

9. Consequent wax cover and etch (slow etch).

10. Ohmic contact metallization and ohmic contact pattern

definition.

11. Mesa etching (0.001- to 0.002-inch diameter).

1.2. Packaging.

Figure 4.1 shows the processing steps followed in this work.

4.2.1 Mesa Etching. After organic cleaning in trichloroethylene,

acetone, and methanol, positive photoresist (AZ 1375) is spun onto the

wafer at 4000 rpm for 30 s. After a 20-min prebake at 80°C, the photo-

resist is patterned using the mask shown in Fig. 4.2a. After post-

baking at 1200C for 20 min, the wafer is then etched in HCI:H 0 :H 0
2 2 2

(80:4:1) at 30 s intervals and the thickness of the mesa is monitored

by the profile measurement for each etching interval until the

desired mesa thickness is obtained. In this work, a mesa thickness of

1.5 to 4 um is used. After etching, the photoresist is stripped in

acetone leaving the circular mesa shown in Fig. 4.3a. Figure 4.3b

is the profile of the mesa.

4.2.2 Border (Rim) Etching. Positive photoresist (AZ 1375) is

spun and patterned using the mask shown in Fig. h.2c. The same etchant

used in the previous step (80:4:1) is used for border etching. After

etching with few intervals and measuring the step with the surface
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FIG. 4.2 TWO-TERMINAL DEVICE MASK SET. (a) MESA ETCH MASK,

(b) OHMIC CONTACT MASK, AND (c) BORDER (RIM) ETCH

MASK.
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prcfiler, the border step is obtained with desired thickness (typically

3 to 5 um). Figure 4.4 is a photograph of this step.

4.2.3 Schottky Contact Metallization. Since the electron beam

evaporator was not available in the earlier portion of this work, Ti

was sputtered followed by Cr and Au evaporation. Cr was used for

adhesion purposes only. In the later work, Ti/Au was evaporated using

the electron beam evaporator.

4.2.4 Gold Heat Sink Plating. Gold (30 Pm thick) is plated over

the metallized area. The back side is protected by postbaked photo-

resist. Figure 4.5 shows the gold-plated heat sink.

4.2.5 Back Side Lapping. Since most of the MBE grown GaAs

wafers have indiur on the back side after growth, the indium is removed

by HCI and the front surface is protected by wax. The back side is

rough due to the interaction of GaAs and indium. The wafer is mounted

on a stainless steel lapping block and lapped using a 10-1rm grit com-

jound until the traces of indium are completely removed and a certain

uni.formity is obtained. The traces of lapping compound are then

]an,.d txc ,-hlv wit, micro-soap and rinsed in DI water.

4.2.6 Chemical-Mechanical Polishing. After lapping with a

10-um grit compound, the back side of the wafer is very rough. Usinf

the same fixture (lapping block) the back side of the wafer is polished

us.lr the polishing wheel with a 5 percent chlorene bleach:95 percent

D1 water composition. Chemical-mechanical polishing removes any

1ar.a~'e ari results in a shiny, mirror smooth back surface.

i..7 Back Side Bubble Etching for Wafer Thinning. The wafer

i. mounted r; a Teflon boat using paraffin wax. For fast etching

(K um,/mirn) in "i bi; ler, H SO :H 0 :H 0 (1 :8:1) i-, uL -A. The wqifer
2 4 2 2 2
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FIG. 4.5 PHOTOGRAPH OF GOLD-PLATED HEAT SINK. THE 0.006-INCH

DIAMETER MESA RETAINS ITS SHAPE AFTER PLATING. THE

GaAs RIM (BORDER) IS ALSO SEEN IN THE PICTURE NEXT TO

THE GOLD HEAT SINK. (200X MAGNIFICATION)
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is etched until the border starts disappearing indicating that the

wiwle wafer is thinned up to the initial border mark etched in step

During wafer thinning, the border was carefully observed since the

etch rate is very fast and the Teflon boat is rinsed in DI water

immediately as soon as the border is observed to be disappearing.

4.2.8 Slow Back Side Etching. After the border starts dis-

ap'earing, etching is continued until the titanium is seen on the

s3urface; H 2SO4:H O2 :H20 (5:1:1 volume ratio) is used as a slow etchant.

4.2.9 Wax Cover and Etch. Since the wafer is not uniform in

thickness before the chemical wafer thinning, one edge of the metallized

surface appears first. As can be seen in Fig. 4.6, a portion of the

metallization is exposed while the rest of the wafer is covered with

,;uAs. At this point, the exposed areas are covered with black wax and

etching continues. This process is repeated until the surface is

etched completely, leaving the GaAs pockets on the gold-plated heat

sink.

The processing steps described so far are common to all the

dir'des fabricated with different techniques which are presented in

the following sections. The first batch of diodes fabricated were

mosa diodes. It was soon discovered that these diodes were not suit-

alle for packaging with the available bonding tools and equipment in

the laboratory. Ty-ical diameters of the first diodes fabricated

were 25 to 35 jm. The gold wire used for thermocompression bonding

of the diode contact to the ceramic ring package was also 25 vm.

Shorting and destruction of the diodes during thermocompression bonding

were the problems encountered in the early phase of the work. Only

one diode out of mnr'i' was successfully bonded and tested in the
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b)4-GHz circuit and operated at 86-GHz frequency. As reported by

Bayraktaroglu and Shih,39 the most critical step in the processing

o!' an IMPATT diode is the device packaging. The diode fabrication

r_process must be compatible with the available packaging technology.

if the packaging capability is limited, as was the case in this work,

the fabrication process must be developed accordingly. To solve this

problem, beam lead (flying lead) diodes were fabricated. The beam

lead diodes were very fragile to handle and the lead broke off during

thermocompression bonding. Following this, "the integral packaging"

technique employing polyamide as a support material was developed

and had limited success. Finally, the proton isolation technique was

used successfully and most of the RF measurement results reported in

the following sections were obtained from these diodes.

K.3 Mesa Diodes

This is the most common type of diode used by leading research

laboratories (i.e., Hughes and TRW). After wafer thinning and heat

i;ink for'mation, the ohmic contact (Au-Ge/Ni/Au) metal layer is deposited

(evaporated). To facilitate thermocompression bonding of the bonding

ribbon to the diode contact, gold, a few microns thick, is either

selectively plated or sputtered. Finally, the top contact is patterned

and chemically etched to form the top ohmic contact, which also acts

as a mask for final mesa etching. The sulfuric acid and hydrogen

peroxide solution H SO :H 0 :H 0 (5:1:1 volume ratio) is used for
2 4 2 2 2

the mesa etching, which is the most commonly used etchant.

4.3.1 Mesa Diodes with Selective Gold Plating. The thin ohmic

contact metallization causes shorting problems during the conseauent

".." '["---j -'-:.T-'[.'.. " -'v "Vv ".":'.:.. . ..--". ..' "-- ."'"- - . '. -.'-. ..--.. "..... - . .
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arccessing stens and bonding. To give mechanical support to the

diode top contact, a selective gold plating process was developed.

rCgure 4.7 shows the process steps used in the contact formation.

T1:h' process steps are:

1. olimic Contact Metallization. After rinsing the wafer in

NHi OH:H20 (1:3 volume ratio) and nitrogen drying, the entire front

surface is covered by Au-Ge/Ni/Au evaporation without a mask. This

ste 's shown in Fig. h.7a.

2. Gold Plating over Ohmic Contacts. Circular 25- and 35-m

diameter AZ 1375 photoresist patterns are developed. Gold is then

electrcnlated over these areas as shown in Fig. 4.7b.

3. Final Mesi Etching. After gold plating to a U to 8 Jim

[cr:'us , tI. AZ 1375 photoresist is removed in acetone and unmasked

c ino is d-.- for 3C s. This removes the unwanted field

5-e1, Au IAC' r er the surface. The ohmic contacts are then

. . . ..e]d at L75 0 C tsr 100 s under forming gas flow. Following the

Kfflic c'-ntact annean , the final mesa etch is completed in

:.(',:H ('(. :I volume ratio) GaAs etchant for approximately

.1 ,e i structure is shown in Fig. K.7c. A scanning electron

nlcrsccme (3KM) nwtor'aflh of a 35-im diameter Ti/n-GaAs Schottky

;e ,. . . As seen in Fig. 4.8, the ;l aled rcId

,O:>tmsi::'uz a:.i *,.:: <t. theref'ore, the rrces: was modi fied

'in 1 the fclcwinl .- ce::: was used for most of the diodes reported it.

this work.

.32 Mesall Dicdcs with Gold-Plaittd] Contacts. Th, proces

e iS ore similar t the mesa diodes with selective gild-.ated ccn-

t'CtS Tresent v'i mc: 1-l. The new yocess S e r: ni':

. -1

C?. ..- '' t- ) *-..--. .. ,5.<' 4 .'
- ' ..i
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GaAs
4 p&m THICK0

00

(1200, 200, 800 A)

/PLATED GOLD HEAT SINK 0.0013 INCH

(a)

AZ 1375 PHOTORESIST PLATED GOLD

-VL

(b)

r----iDIODE

* (c)

1-1. 4.7 PROCESS STEPS USED IN DEVICE FABRICATION.

(a) AFTER Au-Ge/Ni/Au EVAPORATION, (b) WAFER AFTER

Au PLATING, AND (c) FINAL MESA ETCHED TN (5:1:1)

H S0 :H 0 :H 3.
2 4+ 2 2 2
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1. Ohmic Contact Metallization. After rinsing the wafer in

NMI40H:H 2 0 (1:3) and nitrogen drying, the entire front surface is

:meailized by evaporation of Au-Ge/Ni/Au in sequence.

2. Gold Plating. The evaporated Au-Ge/Ni/Au surface is gold

plated or sputter deposited by 2 to 3 jrm gold. This results in smooth

soft gold for thermocompression bonding. This step is shown in

i,. 4.9a.

3. Final Mesa Etch. AZ 1375 is used for the definition of the

ohmic contacts. Circular photoresist patterns 0.0015 inch in diameter

are formed and the photoresist is postbaked at 120 0 C for 20 min.

Following this, the gold-plated and ohmic contact layers are etched

in C-35 gold etch for 3 min. The final mesa etch is completed in

H SO :H 0 :H20 (5:1:1) GaAs etchant. An SEM photograph of a 35-urm
22 2 2

L m, ter heterocunctio.': :A,,Gt lA Qcttk,, diode is shown 1n Fig. ) .,)

-2nce the chemi-cal etchn I-i -I :H ' :H 0 (5:1:1) is highly
-"! , 2 2 2

isotropic, it results in a significant undercut and leaves a metal

overhang around the diode edges.

Figure 4.11 is an SEM photograph of a 25-irm diameter GaAs diode.

3Egnificant undercut is clearly seen. This metal overhang would cause

iroblems for the consequent processing steps or during thermocom-

nression bonding resulting in shorting. The following process solves

ti-se Problems. Due to time limitations the process proposed in

Fi;. h.i2 was not realized in the laboratory. The processing steps

for thi.: new process are:

1. Ohmic Contact :4etallization. After rinsing the wafer in

{ )H:H{ 0 (1:3) and nitrogen drying, the entire front surface is

:11-i ill-'d b'/ evau r-ition of Au-GIe/Ni/Au in sequence.

-, -.,

. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . m . .
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Go As PLATED Au

SPUTTERED : Au-Ge/Ni/Au
Ti iEVAPORATED

PLATED Au HEAT SINK 0.0013 INCH
(a)

AZ 1375 V0.00 1
PHOTORESIST-., OHMIC CONTACT

(b)

- 7iDIODE

4".

(c)

FIG. 4.9 PRCCESS STEPS USED IN DEVICE FABRICATIN. (. AT..

Au-Ge/Ni/Au FVAPCRATION AND GOLD PLATING, (-) OHMIC

CONTACT DEFINITIO, AND (a) FINAL MESA ETCH IN

H SC :H C :H C (5:1:1).

2 ,22.
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F'IG. 4.1 " EM PHOTOGRAPH OF 2 5-wm DIAMETER GaAs DIODE. 1-w.

GaAs LAYER THICKNESS IS 3.3 m AND THE CONTACT ..TAL

-AYE? THICKNESS IS .8 jm. (5O0X MAGNIFICATICN)

.4
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SPUTTERED

Ti Au-Ge/Ni/Au
PLATED Au HEAT SINK

(a)

(b)
OHMIC

(c)

DIODE

(d)

FIG7. 4.12 PROCESS 3T" ' EL IMINIATE THE METAL OVERHANG. (a)

AFTER Au-Ge/Ni/Au EVAPORATION, GOLD PLATING, AND SiO

SPUTTERING; (b) 510 AND OHMIC CONTACT DEFINITION; (c)
* 2

FINAL MESA ETCH; AND (d) FINAL OHMIC CONTACT METAL

OVER{ANq ETCHING AND REMOVAL OF 810

Z 21
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2. Gold Plating. The evaporated Au-Ge/Ni/Au surface is gold

tlated or sputtered by 2 to 3 prm gold.

3. Contact Metal Patterning. The whole contact metal surface is

covered by 0.3 to 0.5 uim sputtered SiO 2 and patterned by AZ 1375 photo-

resist. The SiO 2 is defined by etching in buffer HF. The contact

metal is then etched in C-35 gold etchant using SiO 2 and AZ 1375 as a

mask defining the top contact of the diode.

4. Final Mesa Etching. Since SiO 2 is not etched by H 2SO 4 :H2 0 2 :H 0

(5:1:1) the SiO 2 mask stays on the top of the ohmic contact during final

mesa etching. As before, the top contact metal is a mask for the

final mesa etch in H2 SO :H202:H20 (5:1:1 volume ratio) standard GaAs

etchant.

5. Final Overhang Metal Etching. Since SiO 2 stays on the ohmic

contact metal, it is used as a mask to etch the overhang metal around

the edges of the diode top contact. Since SiO 2 is transparent, the

removal of the overhang metal in C-35 can be done very easily and

inspected during the etching.

The process shown in Fig. 4.12 is self-aligned and very useful

for millimeter-wave device fabrication.

4.3.3 Common Problems Associated with Mesa Diodes. It is well

known that the metal-semiconductor interface is more chemically active

and etches faster than the bulk semiconductor material in most

chemLical etchants. The annealed ohmic contacts are also susceptible

to attack by certain chemical etchants. As an etchinr experiment, -

Au-Ge/Ni/Au (1500 A - 500 - 000 X) ohmic contact wai patterned

an] annealed at 475°C for 90 s. After annea]in.,, HC]:H 0 2 :H1
2.

*1m
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(80:4:1) etch was used for final mesa etching. As seen in the SEM

picture (Fig. 4.13), the annealed ohmic contact was attacked by

the etching solution. In another sample, the annealing cycle was

omitted and final mesa etching was done right after the ohmic con-

tact patterning in the same etchant. The ohmic contact was not

attacked for the sample with no annealing. The same behavior was

also observed with H2SO4 :H202 :H20 (5:1:1) GaAs etchant. Figure 4.13

also reveals that certain spots on the ohmic contact surface were

attacked the most. The Au-Ge/Ni/Au ohmic contact "balled up" during

the annealing cycle, which is common for annealed ohmic contacts to

GaAs. The chemical composition of these "balled-up" regions is dif-

ferent from the rest of the ohmic contact surface. It appears that

some chemical elements present in these regions are attacked by the

chemical etchants. The results obtained in this work and other

published results suggest that the final mesa etching should be per-

formed before the ohmic contact annealing to avoid excessive ohmic-

contact-semiconductor-surface etching. It was also reported by

Vossen and Kern40 that Ge is etched in dilute H202. The most common

etchants for GaAs contain H 202 in their composition. The Ge component

of Au-Ge (88 percent Au and 12 percent Ge) eutectic material is

susceptible to attack by most of these etchants, particularly after

ohmic contact annealing.

At millimeter-wave frequencies the diode area must be small

to maintain reasonable impedance levels. Typical diode diameters for

the frequencies 44 to 94 GHz are in the range of 50 to 20 um, which are

smaller or the same size as the bonding ribbon (or wire) used for

the thermocompression bonding. The small size often dictates

P..
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sophisticated packaging techniques and special equipment, which are

available only in a few advanced research laboratories. As reported

4 42

by Ma et al. 1 and Masse et al.,4  the optimum GaAs layer thickness

is approximately 5 to 7 Pm for millimeter-wave diodes. The initial

ohmic contact diameter should be large, typically 50 to 75 jim to obtain

some mechanical strength and ease for thermocompression bonding and

packaging. After the thermocompression bonding of the diode to the

package, the junction capacitance of the diode, measured near the

breakdown voltage, is adjusted by etching the mesa to the desired size

in situ, after which the diode is cleaned. In the following section

the beam-lead diode fabrication process is presented.

h.3.h Beam-Lead IMPATT Diodes. This process was developed as

an alternative packaging technique. In this process the diode lead

which will be used for the diode-to-quartz stand-off transition is

fabricated along with the diode itself. First fabrication results show

that this packaging without any dielectric support layer is extremely

difficult to work with for small geometry, small area diodes. The

lead comes off very easily under minimal stress. The ohmic contact

diameter used for the beam-lead diode was 35 jm. This is very small

compared to the other beam-lead diode fabrication process developed

h by Adlerstein and Chu. The process steps used for the beam-lead

diodes are:

1. After wafer thinning and GaAs pocket formation, Au-Ge/Ni/Au

is evaporated and 2 to 3 Um gold is plated over the ohmic contacts.

The ohmic contact is patterned with AZ 1375 photoresist and GaAs is

etched in H2SO4 :H 0 2 :H 2 0 (5:1:1 volume ratio) resulting in 35-m

diameter and 3-Wm thick mesa diodes.
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2. After the mesa diode fabrication, the beam lead is formed

by the following process. A support layer of photores t, AZ 1375, io

deposited and prebaked for 10 min at 800 C.

3. Using a 10-um diameter contact hole mask the first layer photo-

resist is exposed and developed. The develcped photoresist pattern is

postbaked at 1200 C for 30 min.

4. A patterned photoresist surface is metallized by Cr-Au evapora-

tion (Ti-Au metallization recommended).

5. A second photoresist layer is deposited and exposed with the

beam-lead pattern mask. After developing the second layer photoresist

is baked for 30 min at 800 C.

6. Gold (5 to 10 Um thick) is electroplated over the beam-lead

pattern area.

7. The top layer photoresist is exposed and removed in AZ devel-

oper solution; consequently, Au and Cr are etched away.

8. The bottom layer photoresist is removed in acetone and the

beam lead is formed over the mesa diode.

The processing steps for beam-lead diodes are illustrated in

Fig. 4.14. The breaking of the beam lead from the top diode surface

and the difficulty with packaging is believed to be due to the small

reometry used in the work (i.e., 35-pm diode diameter and l0-pm beam-

lead contact area to the diode). This technique is demonstrated to

work well when thediode is 75 Wm in diameter or larger.4 The advan-

tages of the beam-lead IMPATT diode is the low inductance due to

large beam-lead width (typically 100 um) and elimination of thermo-

compression bonding to the diode contact, which often causes

-~ . *.~ . - -7 .. * * *~ *'* - * * .
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OHMIC CONTACT
Gaas

HEAT SINK

(a)

FIRST -LAYER E.... -... Jt:VAPORATED
PHOTORESIST " ,/--Ti/Au

(b)

SECOND-LAYER
/PHOTORESIST

~~GOLD PLATED\,\ -

(c)

~BEAM LEAD

(d)

?rt. h.lh BEAM-LEAD DIODE FABRICATION PROCESS. (a) MESA DIODE,

(b) FIRST-LAYER PHOTORESIST PATTERN AND Ti/Au EVAPORATION,

(c) SECOiND-LAYER FHOTORESIST PATTER14 AND GOLD ELECTRO-

PLATING, AND (d) COMPLETED BEAM-LEAD DIODE.

U
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mechanical damage and is very difficult to work with. Figure 4.15

shows the SEM photograph of the beam-lead diode.

4.3.5 Polyamide Supported IMPATT Diodes. The difficulties

associated with small geometry IMPATT diode fabrication and device

packaging were discussed in the previous sections. To provide physi-

cal protection and mechanical strength to the diode, the polyamide

supported diode process was developed and is referred to as the

"integral packaging" technique. Bayraktaroglu and Shih 39 employed a

similar process in their work. Before presenting the processing steiv

of the "integral packaging" technique, it is worth discussing the dry

etching of polyamide and its properties.

Polyamide can be deposited to any desired thickness (typically

I to 50 pm) by spinning and multiple application to the wafer surface.

It can also be fully cured at moderate temperatures (i.e., 3500C for

15 min). The dielectric constant for fully cured polyamide is reported

to be approximately 3.8 . If the full curing temperature is to be0

avoided for certain applications, such as Schottky contact degradation,

polyamide can be partially cured at lower temperatures, typically at

200 to 2500C for one hour. The partially cured polyamide still retains

its flexibility and mechanical strength but is more lossy compared to

the fully cured polyamide. All these features of polyamide suggest

tosslble applications in microwave and millimeter-wave circuits.

Although the polyamide film can be patterned in a positive photoresist

developer solution using photoresist as a mask before it is cured, this

is not suitable for fine pattern definition. Polyamide is usually

Tvatterned by etching in 0 containing plasma. SiO or silicon nitride
2 2

are used as a mask for etching the polyamide in RIE or 1) iasM ,'- t c.

" ,'S
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Since SiO 2 or silicon nitride is not etched in 02 or 02 :Ar plasma,

very thick (50 pm) polyamide can be etched by using a few thousand

angstroms thick masking layer. The etch rate of polyamide in an FIR

or a plasma etcher varies greatly with the pressure and jower used

during the etchinF. For high pressure and high power levels, the etch

rates are I to 2 pm per minute while for low pressure and low power

RIE etching the etch rate is 0.1 to 0. vm per minute. The KE etcing

resorted in this work resulted in vertical side walls with prooticall-

no undercut. In some applications, it is desirable to have a controlled

slore for the side walls for metal coverage. This can be accoMTlished

by adjustinr the ower and pressure used in the plasma etching Egitto

et al.4 investigated the gas phase and surface phenomena responsible

for etching rolyamide in 0 -CF 4 BF Plasma. In the following stIs th'e

"i tegrl packaging" process for IMPATT diodes is presented. They nre:

1. GaAs mesa IMPATT diodes are fabricated as explained in the

revious sections.

9. After Ff255,polyamide is spun at 3000 rpm for 3K s, the -t!': ]c

curet at 100C for one hour, at 1?00 C for one hour, at 24500C f r

Smin, and at 3C 0 C for 1 min. This sequence full- cures the Pl2 ,

e cured rolyajr ide is resistant to HCl, trichioroethylene, acete'uIt

rr~~ano. an! most of the metal etchants.

-. The poly ide surface is covered by 2000 s-ul t'red ,i,

an,d the contact i ttern is developed on the silicon dioxide.

.. The con dioxide is used as an e'ch mask and the ,,lyani. 1

is etched in ' r .. a sn-- (FIF). The Power and pressure u, ,d huri.,

etchinr are 120 W and 10 mTorr, respectively, resultirc in 150. per

. .]-
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min etch rate. The RIE etching of polyamide is highly anisotropic,

which is shown in Fig. 4.16.

5. After the polyamide pattern is etched, the SiO 2 mask is

removed in buffered HF (BHF).

6. The contact hole and the entire wafer surface is metallized

by sputtering Ti and Au. A final Au contact is electroplated over the

contact hole selectively using a 60-m diameter photoresist pattern.

After plating about 10 to 15 pm thick Au, the photoresist is removed

and Au-Ti are etched from the surface.

The final structure of the polyamide supported diode and the SEM

photograph of the contact hole etched in the polyamide is shown in

Fig. 4.17.

The advantages of the "integral package" are that the polyamide

gives mechanical support to the diodes and the bonding of the diode to

the package is very easy. On the other hand, the diode fabrication

jti Ces5 is more comllicated and requires more processing steps. The

polyamide support introduces additional 'parasitic capacitance to the

diode junction capacitance. Unlike the mesa diodes, the diode area

arid junction capacitance cannot be adjusted by etching the diode after

packaging. A final note is that this technique can be combined with

the beam-lead process and both of their advantages can be utilized in

th- "poiyamide supported beam-lead diodes." Instead of plating a

contact over the contact hole the beam lead can be formed.

4.3.6 Proton Guarded (Isolated) IMPATT Diodes. The proton

implantation technique for the isolation of GaAs devices was explained

in the previous chapter. In this section, the application of the

proton implantation to the fabrication of millimeter-wave IMPATT and

- - .- -- '-. *'"t.',-"'"--"- ".~ ., * ~ ~fi •t S.- . :. .. ,xc ,K .:
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44.

* I.

FIG. 4.16 THE SEM PHOTOGRAPH OF 15-rm THICK POLYAMIDE STRUCTURE

AFTER RIE ETCHING AND Ti-Au SPUTTER DEPOSITION. MAGNI-

FICATION IS 370. IN THE PHOTOGRAPH, THE ALIGNMENT

PATTERN IS SEEN BETWEEN THE TWO POLYAMIDE DIODES. THE

WHITE COLORED LAYER IS THE SPUTTERED Au METALLIZATION.

IA
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PLATED ,
POLYAMIDE GOLD

(a)

Aw"

(b)

FIG,. 4~.17 INTEGRAL PACKAGING OF DIODES. (a) POLYAMIDE PROCESS AND

(b) 15-urn DIAME~TER AND 5-urn DEEP CONTACT HOLE DEVELOPED

ON POLYAMIDE USING REACTIVE ION ETCHING. (SEM MAGNIFICATION

is 16oox)
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MITATT diodes is presented. Murphy et al. 4 5 developed proton-guarded

IMPATT diodes for the frequency range between 36 and 40 GHz. The

proton-guarded IMPATT diodes were single-drift GaAs Schottky diodes.

Similar work was also done by Murphy et al. 4 6 for low-high-low GaAs

IMPATT annular diodes at 3.0 GHz. Their results indicate that it is

possible to obtain good performance in terms of efficiency, power

levels, and heat dissipation with the proton-guarded (isolated)

IMPATT diodes. It was reported by Murphy et al. 5 that the proton-

guarded IMPATT diodes have superior power-sustaining capabilities

(burn-out performance) compared to the conventional mesa diodes. This

was also observed in this work.

Figure 3.10 shows the proton guarded double-drift GaAs IMPATT

diode and the proton implantation schedule. After proton implantation,

the sample was annealed at 3000 C in forming gas for 30 min, which

improved the large leakage current observed before the postannealing.

Figure 4.18 shows the reverse-bias breakdown characteristic of the

20-pm diameter double-drift GaAs IMPATT diode. The room temperature

breakdown voltage is 14.8 V for this particular diode. The reverse-

bias leakage current increases linearly with the applied reverse bias

voltage and reaches 4 pA before the breakdown.

L

4.4 Separation of Individual Diodes

In this section, the separation of individual diodes for final

device packaging is presented. Three different techniques were em-

ployed during this work.

4.4.1 Heat Sink Etching. As seen in Fig. 4.5, the GaAs

0.006-inch diameter mesa etched in the beginning of the fabrication

..



IL
E1

V-2IDVSO
I. V)

fZ

'-

V- 2 V/DIVISION r'

(b)
-TRSTC 0 H

THE BIA 1- CHAtV

zI:'-E OK -R7 79CT'URE
0 A;!,ATE2E



-122-

process retains its shape after plating. The following steps are

used in the process:

1. The wafer is mounted on a glass carrier with a wax.

2. AZ 1375 photoresist is spun on the surface and patterned.

3. Plated gold and evaporated Ti-Au is etched using the photo-

resist as a mask.

4. The photoresist is removed in acetone and individual diode

chips floated by removing the wax in trichloroethylene followed by

acetone, methanol and DI rinse.

Figure 4.19 shows the process steps for heat sink etching.

4.4.2 Selective Au-Ag Plating. The major disadvantage of the

previous separation process is that etching of the thick plated gold

(25 to 50 1m) takes a very long time and the photoresist is attacked

at some spots resulting in pits in the heat sink. Second, this separa-

tion technique is limited to applications where a thin heat sink

(25 to 50 pm) can be accommodated. For a thick plated heat sink (75

to 150 pm) this technique is certainly not useful.

The selective plating technique developed during this work

eliminated most of the problems mentioned here. The following sequence

is used in the formation of the heat sink:

1. AZ 1375 photoresist is patterned and gold (10 pm), silver (50

Wm) and gold (10 pm) are plated in sequence.

2. The photoresist is removed in acetone and 3 pm gold plated

over the whole surface.

3. The final silver layer (50 pm) is plated over the entire

surface.

4 3
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0.006-inch PLATED Au
MESA HEAT SINK

GLASS CARRIER WAX'

(a)

AZ 1375 PHOTORESIST

(b)

INDIVIDUAL DIODE CHIPS

(c)

FIG. 4.19 (a) WAFER IS MOUNTED ON A GLASS CARRIER WITH A WAX.

(b) AFTER PHOTORESIST PATTERNING. (c) AFTER GOLD

ETCHING.
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Figure 4.20 shows the selectively plated heat sink structure.

For the separation of individual diodes the following steps ar, u.;ed:

1. The wafer is mounted on a glass carrier with a wax.

2. The silver is removed in tN0 :h 0 (1:1) which etches silver

with an etch rate approximately 10 pm/min.

3. A brief Au etch and Ti etch separate the individual diodes

into small chips.

4. The wax is removed in trichloroethylene and the chips are

cleaned in acetone, methanol and DI water.

4.4.3 Wafer Saw Cutting. A commerical wafer saw can be used

to separate the individual diodes. Since a wafer saw was not available,

individual diodes were separated with a razor blade under a micro-

scope. This can only be done for wafers with 25 to 50 pm gold-plated

heat sink since plated gold is very soft and can be cut with a razor

blade.

"°.'

-. , °-.|
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~Ie

10 im Au 50*m Ag 1 O m Au

AZ 13751t
PHOTORESISTN

Ti-Au/ GaAs WAFER

(a)

SECOND SILVER LAYER 50 ,um

3 pm FINAL GOLD LAYER

(b)

FIG. 4.20 SELECTIVE HEAT SINK PLATING. (a) AFTER SELECTIVE

Au-Ag-Au PLATING. (b) AFTER Au-Ag PLATING OVER THE
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CHAPTER V. MILLIMETER-WAVE OSCILLATOR CIRCUITS AND

DIODE DC AND RF CHARACTERISTICS

5.1 Introduction

In this chapter, the waveguide circuits for millimeter-wave

two-terminal devices and the dc and RF characteristics of the diodes

fabricated during this work are presented.

After a brief overview of commonly used millimeter-wave

circuits, the equivalent circuit for the "coaxial-gap" mounting

structure is given. A disk resonator circuit employing a radial

choke in the bias port is used in this work and it is presented in

a subsequent section. Following the discussion on the waveguide

circuit, the packaging of the diodes and its effects on the device-

circuit interactions are discussed.

The dc characteristics of the heterojunction MITATT and GaAs

IMPATT dicdes are presented in a subsequent section. Finally, the

measurement setur used in the RF characterization of the diodes and

the RF performance are presented.

5.2 Millimeter-Wave Oscillator Circuits

In the past, various types of oscillator circuits have been

developed for millimeter-w-ave IMFATT diodes. Examples of basic

types are shown in Fig. 5.2. The' may be grouped into three basic

types, such as (i) reduced heik-Thl, ( ) int resonator (or disk reson-

ator), and (3) coaxial waveruide cavit.y -'ircuits. In eich circuit,

tuning elements are used to achieve optimum performance at a specified

-126-
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BIAS COAXIAL
IMPEDANCE BIASUSECTION

TRANSFORMVER4 INSULATOR

TO LOAD

DIODE TUNING SHORT SPACER

(a) (b) (c)

IRIS P T

COAXIAL SECTION CAP RESONATOR

(d) (e)

FIG. 5.1 EXAMPLES OF MILLIMETER-WAVE IMPATT OSCILLATOR CIRCUITh.

(a) AND (b) REDUCED-HEIGHT WAVEGUIDE CIRCUITS, (c)

COAXIALLY COUPLED REDUCED-HEIGHT WAVEGUIDE CIRCUIT,

(d) CROSS-COUPLED COAXIAL-WAVEGUIDE CIRCUIT (KUROKAWA

CIRCUIT),AND (e) HAT RESONATOR (OR DISK RESONATOR)

WAVEGUIDE CIRCUIT.
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frequency. The frequency tuning is accomplished by varying the

disk resonator or the position of the moveable short. Of the

three waveguide circuits, the reduced-height waveguide oscillator

circuit is the most commonly used circuit at millimeter-wave fre-

quencies. Millimeter-wave oscillator circuits should have the

following desired characteristics:

1. Stability and protection against low-frequency instabili-

ties (i.e., bias-circuit oscillations).

2. Low driving-point impedance characteristics for the diode-

circuit impedance matching.

Figure 5.1a and b show the reduced-height waveguide oscillator

circuits. The anodized insulator section can be moved up or down

forming a coaxial section on the coaxial-waveguide interface. The

adjustment of the insulator section in the bias line changes the

driving-point impedance seen by the diode and the impedance matching

can be accomplished by this adjustment.

Figure 5.1c shows the coaxially coupled reduced-height wave-

guide oscillator circuit. The impedance matching of the diode to the

waveguide circuit is achieved by placing spacers of different hole

diameter and thickness. Figure 5.ld shows the cross-coupled coaxial-

waveguide oscillator circuit, which is also referred to as the

"Kurokawa circuit." The matching is accomplished by the adjustment

of the lengths of the waveguide and coaxial-line short-circuited

sections. A tapered absorber is attached to the other ,end of the

coaxial line for stabilization purposes. This circuit is more

commonly used in power combiners. Finally, Fig. . Ae -how the

hat resonator (disk resonator) waveguide circuit tl.it 1n'

7I
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us;cd in this work. The detailed description of this circuit is

presented in the following sections.

For the successful design of the millimeter-wave oscillator

circuits the following analysis must be performed. First, a

theoretical model describing the waveguide circuit and the driving-

point impedance must be developed. Second, the package parasitic

elements (i.e., bonding lead inductance and quartz or ceramic ring

package capacitance) must be measured and chosen properly. Finally,

the large-signal impedance characteristics of the diode must be

determined using a simulation program. Once this analysis is estab-

lished, the circuit dimensions and the package parasitic element

values can be determined after few iterations to obtain the best

diode-circuit impedance matching condition. The most basic struc-

ture that is equivalent to the various oscillator circuits presented

in Fig. 5.1 is shown in Fig. 5.2. This mounting structure was inves-

tigated by Lewin and Eisenhart. While reasonable results may

be obtained in some cases, Lewin's analysis does not take into account

the dimensions of the coaxial aperture. Recognizing that the coaxial

aperture dimensions have a significant effect, Eisenhart et al.4

proposed that the coaxial aperture be modeled as a finite gap (which

is called "the equivalent gap"). This equivalent gap was determined

for the C-band and X-band waveguide circuits experimentally for certain

coaxial-waveguide functions. Using this equivalent-gap concept and

his model of the two-gap waveguide mount, Eisenhart obtained results

for the waveguide structure shown in Fig. 5.2. The only theoretical

model that does not need experimental measurement of the equivalent

gap was developed by Williamson. 0  The theoretical expressions

° " ..

!. .$ ':; ,: ,, ., ,""" " """ ', -, ,." " - ' ' ' - ' .-. ' ' .. " ' . -.- ' '__ _ -.-. -,_, .- - .- I ' ' '.-,-,- -.-. ' '.- ' U -



-130-

zii

" .

Kr

WAVEGUIDE-

,-, COAXIAL LINE "
JUNCTION :

/

7 "DEVICE
/ MOUNTING/ PORT'

, TG, 5.2 A SECTIONAL VIEW OF THE IWO-GAP "COAXIAL-GAP"

MOUNTING STRUCTURE.

I *-

* .. * a . \ ' .,'. .



-131-

obtained by Williamson yield results in excellent agreement with

published experimental results. The equivalent circuit developed

by Williamson is given in Fig. 5.3 for the "coaxial-waveguide"

mounting structure presented earlier. The susceptances Bas Bb and

Bc and reactances Xa, Xb and the transformer ratios R1 and R 2 are

given by Williamson.50  Various termination conditions and the driving

point impedances seen from the gap port can be calculated using his

results.

5.3 Hat Resonator Waveguide Oscillator Circuit

In this section, the oscillator circuit used in this work is

described. The circuit utilizes a radial choke in the dc bias port

for an RF termination. For mechanical flexibility, a bellow is used

with an OSM connector. This allows the testing of uncapped fragile

structures such as quartz-standoff packaged diodes.

Although hat resonator waveguide circuits have been used

successfully at millimeter-wave frequencies (30 to 100 GHz), they

have not been analyzed and modeled successfully in terms of the

theoretical calculations of the driving-point impedances. Groves

and Lewis 51 reported a series of measurements at 10 GHz using a hat

resonator waveguide circuit for Si IMPATT diodes. The effects of

the cap diameter, cap height above the waveguide wall, contact-post

diameter, and cap thickness on the oscillator performance were pre-

sented in their results. Doring and Seebald5 2 measured the input

impedance of the radial line in a waveguide at (3.5 to 5.5 GHz).

Their results show that the radial line transforms the high impedance

-. -°,
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of' the waveguide to a low impedance level, which is the desired

characteristic for IMPATT diode mounting.

The cap resonator in this circuit has two useful functions.

First, it acts as a resonating element and the cap diameter deter-

mines the oscillation frequency. This eliminates the multiple fre-

quency operation of the oscillator circuit, which is a common problem

in the inductive post mounting structures. Second, it acts as anx

impedance transformer facilitating the diode-circuit impedance

matching.

In the following, the design of the circuit used in this work

is presented. Since the WR-15 waveguide is used, the cavity dimen-

sions of the oscillator circuit are chosen as O.148 x 0.074 inch for

the V-band oscillator. Figures 5.h and 5.5 show the oscillator cir-

cuits used for V-band (50 to 75 GHz) and W-band (75 to 110 GHz) IfPATT

diodes, respectively. The circuits are the same for both the V-band

and the W-band frequencies except the dimensions have been scaled

down for the W-band circuit. The dimensions of the cavity for the

W-band oscillator are 0.1 x 0.05 inch. To obtain better mechanical

performance and flexibility, these circuits employ precision bellows

to minimize the force on the quartz-standoffs and SMA connectors in

the dc bias section. A radial choke is used as a low-pass filter on

the dc bias port. The coaxial line above the radial choke was ter-

minated by a tapered lossy material. The important dimensions are

shown in Figs. 5.h and 5.5 for these circuits. The dimensions of the

radial chokes and the quarter-wave sections of the coaxial lines .

were chosen for 60 and 9h GHz operating frequencies for the V-band

and W-band oscillator circuits, respectively.

'I
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OSM

CONNECTOR

4l

PRECISION
BELLOW

0.03 INCH
LOSSY

MATERIAL

0.0595 INCH
RADIAL
CHOKECHOK 0.05 INCH ,

0.161 INCH ADIA , X/4 TRANSFORMER "

DISK[- 1

RESONATOR -- '-0.125 INCH

I I.

FIG. 5.4 THE CROSS SECTION OF THE V-BAND OSCILLATOR CIRCUIT.

(60 GHz). THE DIMENSIONS IN THE FIGURE ARE FIVE TIMES

THE ACTUAL SIZE.
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FIG. 5.5 THE CROSS SECTION OF THE W-BAND (9h aHz)

OSCILLATOR CIRCUIT. THE DIMENSIONS IN THE

FIGURE ARE FIVE TIMES THE ACTUAL SIZE.
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The post diameter was chosen to be 0.03 inch for both the

V-band and the W-band circuits. The thicknesses of the disk

resonators were 0.02 inch. The disk resonator diameters were 0.12,

0.1 and 0.08 inch for the V-band circuit and 0.07, 0.06 and 0.05

inch for the W-band circuit. Besides the disk resonators, 0.03

inch diameter bias posts were also used in these circuits.

Figure 5.6 shows the V-band oscillator circuit. The piece on

the left is the top piece of the circuit that includes the dc bias

section. The mounted OSM connector and the 0.12 inch diameter disk

resonator are clearly shown. Figure 5.6 also shows the bottom

piece including the 0.1, 0.08 inch disk resonators, 0.03 inch bias

post, brass diode mounting piece, and the back short.

Figure 5.7 shows the W-band oscillator circuit. The OSM

connector with the bellow attached and the other parts are shown

in the photograph. Finally, Fig. 5.8 shows the assembled V-band

oscillator circuit with the 0.12-inch diameter disk resonaL' -. The

photograph reveals the quartz stand-off package in the mount.

5.4 Millimeter-Wave Measurement System %

The measurement system used in this work is shown in Fig.

5.9. The measurement system includes an E-H tuner, a 0 to 50 db

variable attenuatur, a wavemeter (frequency meter), a power ,iItec-

tor, and a power meter. The E-H tuner is adjusted until maximum

p.ower is obtained for any dc bias condition. The oscill'tion

frequency and the achieved power level qre recorded for cach dc

bias value. Three different setups were used in the EF measurement.

of the fabricated diodes covering Lhe frequency bands of Q (33 to

• . .o
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FIG. 5.6 THE V-BAND OSCILLATOR CIRCUIT. THE OSM CONNECTOR, DISK

RESONATORS, BIAS POST, DIODE MOUNTING PIECE, AND BACK

SHORT ARE SHOWN IN THE PHOTOGRAPH.
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: p1

FIG. 5.7 THE W-BAND OSCILLATOR CIRCUIT. THE OSM CONNECTOR WITH

THE PRECISION BELLOW ATTACHED AND THE OTHER PIECES ARE

SHOWN IN THE PHOTOGRAPH.
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7lq. 5.8 THE ASSE}MLED V-BAND OSCILLATOR CIRCUIT WITH THE

0.12-1NCH DIAM ETER DISK RESONATOR. THE PHOTOGRAPH

REVEAL.S THE QUARTZ STAND-OFF PACKAGE IN THE MOUNT.

THE DIMENSIONS IN THE PHOTOGRAPH ARE TWICE THE ACTUAL

SIZE.
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50 GHz), V (50 to 75 GHz) and W (75 to 110 GHz). Therefore, it

was possible to do measurements in the wide frequency spectrum (33 to

110 GHz) of the millimeter-wave frequency region. Most of the

results reported in this work were obtained in the V-band (50 to

75 GHz) frequencies.

5.5 Electrical Characteristics of the Fabricated Diodes

In this section, the current-voltage (I-V) characteristics

and the capacitance-voltage (C-V) characteristics of the diodes

fabricated during this work are presented. The first diode success-

fully fabricated in the beginning of this work was a Ti/n-GaAs

Schottky diode with a doping concentration of N = 2.076 x 1017 cm-3

+
and an epitaxial layer thickness of 0.35 Um on n -substrate. Figure

5.10 shows the semilogarithmic graph of the I-V characteristics of

the 0.001-inch diameter Ti/n-GaAs Schottky diode. It is clear from

the I-V characteristics that the reverse leakage current is very

small. The RF performance of this diode is presented in a subse-

quent section.
.4

5.5.1 The Current-Voltage Characteristics of the Hetero-

junction Diodes. A series of measurements were obtained on an MBE-

grown heterojunction wafer with the doping profile shown in Table

5.1. The wafer surface was etched and covered with wax sequentially

to obtain different n -GaAs thicknesses over the wafer. The

etchant used is PAll (NH OH:H 0 :H 0) which is a slow etchant (etch
4 2 2 2

rate is approximately 30 f/s). The steps on the wafer were measured

using the surface profilometer. Over the wafer surface, after

+
this etching process, the n -GaAs layer thickness varied as 1100,

9".
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T 6-alae, 2 1

Heterojunction Wafer Doping Profile

1 2 3 4

Layer Material Thickness Doping (cm- 3)

1 GaAs 1500 1 x 1018

2 Ga .6Al As 825 4 x 101 6

3 GaAs 2500 14 x 1016

GaAs 5000 1 1 x 1018 (buffer)
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850, 500, 400, 250, and 200 X In some portion of the wafer there

was no n -GaAs present and the GaAlAs was etched slightly leaving

0
only a 375 A GaAlAs layer over the structure. Diodes from these

different regions were probed and the electrical characteristics

were obtained. The information gained from these diode character-

istics was very valuable in the design of the p -n heterojunction
I:

MITATT diode that worked successfully.

The reverse and forward I-V characteristics were measured using r
a curve tracer. From the measurement results the following can be

concluded:

+
1. For 1100 and 850 X n -GaAs diodes the breakdown voltage is

5.5 V. For the electric field to punch through to the buffer layer

(. -GaAs), the minimum applied voltage needed is V 14 V and
PT

Vi"T = 10 V, respu(ctively. Thus, these diodes are nonpunch through

amid the drift region is not depleted. Breakdown takes ulace in thu

+ :
n region. Figure 5.11 shows the reverse I-V characteristics of 1100

and 850 X heterojunction diodes.
+ 0

2. For the diodes with n regions of 500, 400, 250, and 200 A,

the reverse bias current is due to tunneling for low to moderate

reverse bias voltages. For large reverse bias voltages, the reverse

bias current is due to avalanche breakdown. As seen in Fig. 5.12

+
th-Ie breakdown voltafge increases gradually as the n r'gion thicknes

decreases for a fixed reverse bias current.

3. For the region where the n +-GaAs is removed completc]y, the A

breakdown i purely avr .1jr,ch- dominated.

From these results it is clear that the thickness of thie

n -GaAs layer must ibe chosen pror erly for the design o mixed

V..
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tunnel-avalanche breakdown transit-time devices. If the n+-GaAs

layer thickness is greater than 850 a, the breakdown takes place in

+
the n region and the lightly doped drift region is not depleted.

For a high-low (n +-n) structure, such as shown in Table 5.1, the

n+ -layer thickness should be controlled to 600 to 750 a for the proper

operation of the transit-time device. Figure 5.13 shows the reverse

I-V characteristics of 850 and 500 X heterojunction diodes on the

curve tracer.

5.5.2 The Capacitance-Voltage (C-V) Characteristics of the

Heterojunction Diodes. The C-V characteristics were obtained using

a multiple frequency LCR meter. This measurement system gives

accurate data only when the reverse current is small (i.e., 200 vA

or less). Therefore, accurate measurement of the depletion capacitance

can be made only for small reverse bias voltages (less than 4 V) for

the diodes with predominantly tunnel breakdown characteristics. The

C-V profiles of different regions are given in Figs. 5.14 and 5.15.

+ +
5.5.3 The Current-Voltage Characteristics of p -n Hetero-

junction MITATT Diodes. In Section 5.5.1 the characteristics of the

Schottky heterojunction (Ti/n n GaAs) diodes were presented. The

results showed that the proper operation of transit-time punch-

through diodes with mixed tunnel-avalanche breakdown chlrct,.ri*t i:: I
can be achieved if the thickness of the n +-GaAs layer is chosen

between 600 a and 800 R. Thus the structure shown in Fig. 5.i a

was grown on the n -GaAs substrate by molecular beam epitaxy (MBE).

The punch-through voltage for this structure is Vpt = 8.5 V. The

typical operating voltage for the diode is approximately V o 13 V

at 200 mA bias current. The electric field profiles for the

• % ; .-; ; '- ? %', ,?.' ?, h-.' ,.- ,, ... -""u"-4"""-" . , .'-.'- ..- .. .--,.-. . .' "., ,- , " , ,.- ..- .- .' ,--'-.'.,'.,.. " .- ,- .5'
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piunch-through and operating values are shown in Fig. 5.16b. The
+ +.

maximu= electric fields on the p -n junction interface are ].A x

106 V/em and 1.36 x 106 V/cm for V = 8.5 V and V = 13 V,pt op

respectively. This electric field value ensures a significant tunnel-

ing current in the diode characteristics as seen in Figs. 5.17 and

5.18. Figure 5.18 is the semilogarithmic graph of the I-V character-

istic that reveals that the breakdown mechanism changes from tunneling

to avalanche for the reverse bias voltage of V, = 8 V. Similar I-V

characteristics were also reported by Nishizawa et al. 9 Figure 5.19

shows the doping profile around the p n n junction interface. .,

5.6 Packaging of Millimeter-Wave IMPATT and MITATT Diodes

Since the package acts as part of the oscillator circuit in

millimeter-wave IMPATT and MITATT diode oscillators, it is desirable

to have low parasitic package elements for better impedance matching

between the circuit and the diode. Initially, ceramic commercial

packages were used for the device packaging. Diffievlties working

with this package and large lead inductances and package parasitic

capacitances yielded poor RF performance. For this reason, quartz

standoffs were fabricated for packaging of millimeter-wave diodes.

Quartz is very fragile which requires extreme care during

processing. Cleaning procedures before metallization are very impor-

tant since poor surface cleaning leads to metal flaking or liftoff.

Previous attempts to make quartz standoffs have shown that during

sawing of the quartz with a wafer saw to the desired size the plated

f,-.old metal lifts off due to mechanical stress. To eliminate this

troblem the following process was used:

%%

.- ,, ; " ' . - . .,--- .. . - ., - .. .,"., . ,- . .- - . . ,) . - . . . . ,
-.. .. . .. - .-.;., ". .'. " ,'.y., .. ,' ' ':. . . . . .. • . *. . . . • . . . . •
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1. Cr (100 X) and Au (1000 ) were evaporated on the surface

after the quartz was cleaned.

2. Photoresist (AZ 1375) patterns were developed for selecttiv(

gold plating on a 0.010 inch x 0.010 inch area. The distance between

the plated gold patterns was 0.005 inch.

3. After plating 10 pm gold, the photoresist was removed in

acetone and evaporated gold and chromium were etched using plated

gold as a mask.

4. The same procedure was followed on the opposite side of the

quartz surface and the photoresist patterns were aligned to the gold-

plated patterns. This way both surfaces of the quartz were selectively

metallized with good alignment.

5. The quartz standoffs were separated using a wafer saw with

a 0.002-inch thick diamond blade.

Excellent yield and geometrical definition were obtained with

this technique. No flaking and rough edges were observed, which is

a common problem with other quartz standoffs. Figure 5.20 shows the

dimensions of the quartz standoffs.

Most of the RF results reported in this work were obtained with

double-quartz packages. In this mounting technique the quart: stand-

offs were mounted on both sides of the diode chip and n 0.000Y-ineh ,

diameter wire was bonded to the quartz :-tr'idcffs and th, dioL.

Figure 5.21 shows a scanning electron microscope (S05) photegrajIh

of the double-quartz-standoff package.

k '
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5.7 RF Measurement Results of Double-Drift 60-GHz IMPATT Diodes

i III :;tC ,io , tU1 W' per ti'rmtrLee Of' Hle doubte-drif't,

60-GHz IMPATT diodes are presented. The large-signal simulation of

this structure was investigated by El-Gabaly et al. 53 Their results

indicate that the hybrid profile results in the same or better per-

formance for 60- and 94-GHz IMPATTs compared to the double-Read

structures. The doping profile configuration of the hybrid double-

drift GaAs 60-GHz IMPATT diode is given in Fig. 5.22. The large-

signal simulation results predict an operating voltage V = 21.52 V
op

at Jd = 16.0 kA/cm 2 dc current density. The measured operating

voltage Vop = 20.1 V is somewhat lower but very close to the

theoretical calculated value. The diodes were fabricated using the

fabrication process described in Chapter IV with the proton-isolation

technique. The room temperature breakdown voltage is VBD = 15 V.

The I-V characteristic of the diode was shown in Fig. 4.18.

The measurement results presented in the following were

obtained in the V-band oscillator circuit shown in Fig. 5.6. The

effects of various disk resonators in the oscillator performance

were investigated. The diodes with varying diameters (20 to 35 Pm)

were also tested to see the effects of the diode area on the oscilla-

tor performance (such as power and frequency). In all the measure-

ments a 1-ps pulse with 1 percent duty cycle was used. Figures

5.23 through 5.27 show the results obtained with different diameter

diodes and disk resonators. From Figs. 5.23 through 5.25 it is seen

that the oscillation frequency increases slightly as the disk reson-

ator diameter is reduced. Similarly, for a smaller diode area the

oscillator frequency increases and is shown in Fig. 5.27. All the
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ts prest-ited in Figs. 5.23 through 5.27 were obtained with

diodes rackaoyt-d using ceramic packages. The RF power is very low

witl; this, packaging (typically I to 2 mW) technique. This is due to

t. e large package parasitics. The results reported in the following

were obtained from the diodes with the double-quartz packages. The

diodes and the oscillator circuit are the same for both cases except

for the packaging scheme. With the double-quartz standoff package

the diodes produced approximately forty times more power compared to

the ceramic package. This certainly shows the strong effect of the

package on the diode RF performance.

Prior to the RF testing of the double-quartz standoff packaged

diodes, the capacitance of the diode before and after packaging was

measured. The measured package capacitance is 0.1 pF for the double-

quartz package. The diode capacitance of the 30-pm diameter diode is

Co = 0.3 pF for zero bias, which drops to C = 0.2 pF before the
oB

breakdown. Similarly the zero bias capacitance of the 20-pm diameter

diode is C = 0.2 pF, which drops to C = 0.12 pF before the break-
to B

down. The performances of the hybrid double-drift 60-GHz GaAs IMPATT

diodes in the new double-quartz standoff packages are shown in Figs.

5.28 through 5.30. Figure 5.28 shows comparatively the RF performance

of a 30-pm diameter diode with the ceramic package and the double-

quartz standoff package. Figure 5.29a shows the best performance so

far cbtained with these diodes. The diode burned out at a 200-mA bias

current due to bias-circuit oscillation. The highest power obtained

was 80 mW at 73 G}{z. If the bias-circuit problem is solved, higher

bias current can be used which would further increase the generated

power. Figure 5.30 shows the RF performance of the O-jim diameter
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diode in the W-band (94 GHz) oscillator circuit. At 80.75 GHz,

1.8 mW was obtained.

++

5.8 RF Measurement Results of Heterojunction p n n MITATT Diodes

In this section, the RF performance of the heterojunction

p n n MITATT diodes is presented. The doping profile and the I-V

characteristics of the heterojunction MITATT diodes were given in

the previous sections. The results presented in Figs. 5.31 and 5.32

were obtained in the V-band oscillator circuit. The diodes worked

well with the 0.08-inch diameter resonators. As seeninFig. 5.32,

the oscillation frequency increases for the smaller area diode

(20 Vm diameter). Comparing the RF performance of the heterojunction

MITATT diodes to the double-drift GaAs IMPATT diodes, the dc-to-RF

power conversion efficiencies are very close (1.9 percent for the

double-drift IMPATT and 1.46 percent for the heterojunction MITATT

diodes). The capacitance of the heterojunction MITATT diode is 1.6

times larger than the double-drift IMPATT diode for the equal diode

area since the depletion-region length is shorter for the single-

drift diodes compared to the double-drift diodes. When this factor

is taken into account the RF performance of the heterojunction MITATT

diode is comparable to the double-drift GaAs IMPATT diode. Adler-

stein and Chu4 obtained a dc-to-RF power conversion efficiency of

12 percent from a similar double-Read doping profile at 60 GHz. The

circuit used in this work had several problems. The most serious

limitation was that the bias-circuit oscillation was observed at

= 2
Jde = 16 kA/cm current density. This limits the dc bias to 3 to h W.

Typical published dc input powers for the GaAs IMPATT diodes are
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h to 12 W for the reported high-efficiency and high RF power

,tr'ormance. With improved circuit design and packaging, the results

obtained in this work can be improved further and much better perfor-

mance can be obtained. The most important result obtained in this

work is that comparable RF performance was obtained with the hetero-

junction MITATT diode as compared to the double-drift GaAs IMPATT

diode. The generation region length for the heterojunction MITATT

diode is very short (less than 700 Z), as can be seen from the

electric field profile in Fig. 5.16. This suggests that the hetero-

junction MITATT diode would have applications in the upper millimeter-

wave frequencies (100 to 300 GHz) with anticipated low noise

performance.

!.
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CHAPTER VI. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

The objective of this study was to investigate the performance

of heterojunction MITATT diodes as low-noise power sources at

millimeter wavelengths. Both theoretical and experimental investi-

gations were carried out to achieve this objective.

In Chapter II analytical models of dc and small-signal charac-

teristics of heterojunction Read-type diode structures were presented

that incorporate both tunneling and avalanche mechanisms. The small-

signal equivalent circuit was developed for both the generation

region and the drift region. An approximate large-signal analysis

was developed to investigate the power and efficiency of hetero-

junction transit-time devices.

In Chapter III various processes used in the fabrication of

millimeter-wave GaAs IMPATT and heterojunction GaAs-Ga.6Al As

MITATT diodes were presented. Ohmic and Schottky contacts to GaAs

were characterized and their quality, investigated. Since the

fabrication of millimeter-wave two-terminal devices involves at

least one or more chemical etching processes, the characteristics

of the chemical etchants used in this work were discusstd in detail.

Finally, the proton bombardment developed during this work and the

annealing characteristics of the proton bombarded layers were

presented.

In Chapter IV the fabrication proce ses developed for

millimeter-wave GaAs IMPATT and hetero,"uncticn MITATT 1Lodes were

-174-
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given in detail. The active layer thicknesses are reduced for

millimeter-wave diodes due to the short transit time at these

t'eqnlelices. 'llhu diod(e arta is al vo re,(uced to maintain reasonable

impedance levels. For these reasons, the material preparation,

fabrication process, and packaging of these diodes become challeng-

ing technical problems. Various fabrication processes developed to

overcome these problems were studied comparatively and their rela-

tive advantages and disadvantages were discussed. Finally, "the

integral packaging" of these devices using a polyamide dielectric

layer as a support and the process steps for the integral package

were presented.

In Chapter V the waveguide circuits for the millimeter-wave

two-terminal devices and the dc and RF characteristics of the diodes

fabricated during this work were presented. A brief overview of the

commonly used millimeter-wave circuits was given in the beginning of

the chapter. A disk resonator circuit employing a radial choke in

the bias port was used in this work. The cross section of the V-band

(60 GHz) and the W-band (94 GHz) oscillator circuits were presented

in Figs. 5.4 and 5.5 showing the important dimensions in the circuit.

The measurement system used in the RF characterization of the diodes

was given which includes an E-H tuner, a variable (0 to 50 dB)
N

attenuator, a frequency meter, and a power meter. The electrical

characte-istics (I-V and C-V) of the heterojunction MITATT diodes

and the double-drift hybrid GaAs IMPATT diodes were given in a

subsequent section. The results of the I-V characteristics of

heterojunction Schottky diodes with different n + layer thicknesses

indicated that the proper operation of the transit-time device can

• .%
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be obtained if the thickness of the n+ layer is chosen to be in the

range of 600 to 750 X. This requires the precise control of the

doping concentration and the thickness of the n+ layer. In subsequent

sections the RF performance of the double-drift hybrid IMPATT and the

heterojunction MITATT diodes were presented. The effects of various

disk resonators on the oscillator performance were investigated.

Diodes with varying diameters (20 to 35 Um) were also tested to see

the effects of the diode area on the oscillator performance. The

highest RF power obtained in this work was 80 mW at 73 GHz with 1.9

0 percent power efficiency from the double-drift GaAs IMPATT diodes.

The heterojunction MITATT diode produced 43.65 mW at 71.5 GHz with

1.46 percent power efficiency. The capacitance of the heterojunction

MITATT diode was 1.6 times larger than the capacitance of the double-

drift GaAs IMPATT diode. When this factor is taken into account, the

RF performance of the heterojunction MITATT diode is comparable to

the double-drift GaAs IMPATT diode. It is believed that the limitations

on the RF output power and the power efficiency observed in this work

(low RF power and low efficiency) are due to the circuit design and

packaging. Bias-circuit oscillatiorswere observed at Jdc 
= 16 kA/cm 2

current density during the testing of the double-drift GaAs IMPATT

diodes. With proper circuit and device packaging the RF output power

and the efficiency of the diodes can be improved.

The most important result obtained in this work is that

comparable RF performance was obtained frc. the heteroj unctic"ri

MITATT diodes with strong tunneling charaoturistic is compartd to

the double-drift GaAs IMPATT diodes. The heterolunction MITATT

diodes are expected to perform well it. the urper mifli7: ter-wave

%9
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frequencies (100 to 300 GHz) since the generation region length is

very short (less than 700 X). The strong tunneling characteristics

observed in these diodes should result in low noise in the oscilla-

tor characteristics.

6.2 Suggestions for Further Study

This work demonstrated for the first time millimeter-wave

frequency oscillations at 70 to 73 GHz from heterojunction MITATT

diodes with strong tunneling characteristics. The power levels

obtained are the best ever reported for a heterojunction device.

6,

Along with the heterojunction MITATT diodes, double-drift GaAs

IMPATT diodes were also fabricated and their performance was

compared. Additional topics that need further exploration are

given as follows:

1. Theoretical models for the calculation of the dc and

large-signal RF performance of the heterojunction mixed tunnel-

avalanche transit-time diodes at millimeter-wave frequencies. This

is necessary for the optimum design of the diodes.

2. More experimental work is needed to investigate the effects

of various parameters on the diode RF performance, such as the doping

concentration (5 x 1017 to 5 x 1018 cm- 3 ) and the thickness (500 to

1000 ) of the n region adjacent to the Schottky or p-n junction

and the Al fraction in GaAlAs.

3. Extension of this work into the upper millimeter-wave

frequencies (100 to 300 GHz) and submillimeter-wave frequencies.

4. Measurement of the noise performance of heterojunction MITATT

diodes and its variation with weak to strong tunneling characteristics.
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5. Theoretical and experimental millimeter-wave circuit

studies. These would include alternative circuit designs at

millimeter-wave frequencies using microstrip and fin lines.

6. Monolithic integration of the MITATT and IMPATT diodes

into the expanding area of monolithic microwave integrated circuits

(MMICs) and monolithic millimeter-wave integrated circuits (M3ICs).

This would increase the performance and capabilities of the M3ICs

since most high-performance GaAs MESFETs and HEMTs have limitations

at millimeter-wave frequencies at 60 GHz and above.
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